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ABSTRACT 
Comparisons are drawn of the effects of the Alpine orogeny on 
Mesozoic sediments and the underlying Hercynian massif basement 
rocks at the SW end of the Aar Mas sit. The study has also brought a 
clearer understanding of the pre-Permian geological history of the 
massif. The main lithological units in basement and cover are briefly 
described, and their mapping on 1 : 10,000 scal e has shown large 
and medium scale structures. 
Deformation sequences have been established for the basement 
(Dlb to D6b) and for the cover (DIe to D3c) and there is a clear 
correlation of Alpine st ructures (DIe to D3c equivalent to D4b to D6b)' 
In the basement the late-Hercynian deformation of Upper Carboniferous 
metasediments is recognizable. These sediments were deposited on 
the older Altkristallin gneiss complex which had previously suffered 
the main Hercynian deformation and metamorphism. The trend of 
Alpine structures is subparallel to the trend of late-Hercynian structures l 
producing difficulties in discernment, and consolidating the regional 
NE-SW trend of basement structures. Alpine deformation was fairly 
simple, comprising one main deformation, followed by two weak phases 
producing only localized small-scale structures. 
Quantitative strain analysis for the main Alpine deformation 
investigateslocal situations and compares different types of strain 
marker. Incremental strains are recorded in curved pressure shadow 
quartz fibres in both basement and cover. These il?-dicate early extensioI 
x 
.. 

directions steeply plunging SE, later rotating through gentle plunge E, 
to subhori zontal NE and gentle plunge SW. Deformed Carboniferous 
pebbles, and cover ooids, intraclasts, faecal pellets, and ammonites 
have been anal yzed, but all except faecal pellets suffer from the 
presence of initial preferred orientations and ductility contrasts with 
their matrix materials. 
Illite crystallinity studies show that the ~elitic rocks 
investigated (basem ent and cover) reached a degree of Alpine 
metamorphism just inside low-grade as defined by WINKLER (1974) 
though the presence of graphite may have allowed this grade to be 
attai ned at relatively low temperatures. Further studies show this to 
have been a Barrovian-type syntectonic metamorphism. 
Generally similar finite Alpine deformation of basement and 
cover may be inferred from similar development of structures and 
similar quantitat ive strai n estimates, but the very varied compositions 
and textures of rocks will have required somewhat different deformation 
mechanisms, and vari ed strain distribution. 
xi 
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1. INTRODUCTION 
1.1 GENERAL INTRODUCTION 
This study originated to compare the effects of the Alpine 
orogeny on Mesozoic sediments and the underlying Hercynian 
massif basement rocks. Relatively detailed investigation of 
basement rocks to study Alpine structures, has also revealed some­
thing of the pre-Permian history. 
The eastern border of the area of research is marked by the 
deep valley Lotschental (fig. 1.1). Parallel to the NE_SW trend of 
the main structures are two tributary valleys to the Lotschental 
(Resti and Faldum), at the heads of which are excellent profiles, 
in the steep cliff faces of the Rothtsrner. SW of these peaks is the 
somewhat more grassy valley of Bachalp and the large alpage of 
Galm (fig. 1.2 and plate 1) • 
In the area of study, autochthonous and parautochthonous 
sedimentary Permian and later rocks of the Helvetic Zone overlie 
the pre-Permian crystalline basement of the Aar Massif. The major 
structure of the area is of two large, NW facing synclines of cover 
rocks (the Rothorner) between anticlines of basement (Niwen, and 
Laucherspitzen-Faldumgrat) • 
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-The age of the earliest rocks is. unknown. Altkristallin 
is a general term used here for the gneissic and migmatitic rocks 
which pre-date nearby late Hercynian intrusions (e.g. the Central 
Aar Granite) and also pre-date Upper Carboniferous sediments. 
From the present study, a full geological interpretation of the 
Altkristallin remains unclear, but sometime after formation the 
gneisses were subjected to migmatization, and intrusion of numerous 
bodies of granitic composition. Later deformation (including Alpine) 
has brought most units in the Altkristallin close to parallelism; 
most structures have steep dip SE. 
Later aplitic and intermediate composition dykes and veins 
which intrude these rocks are possibly associated with the nearby 
intrusion of the Central Aar Granite. Overlying the Altkristallin 
complex are graphitic pelites to psephites of Upper Carboniferous 
age, followed by fairly uniform psammites (the 'Laucherspitzen 
Schists') also of assumed Upper Carboniferous age. 
Late Hercynian deformation folded the Carboniferous rocks prior 
to the deposition of? Permian, Triassic and Jurassic sediments. 
Alpine deformation and weak metamorphism affected all rocks, 
partially destroying the Hercynian fabric of basement rocks. 
Individual rock units and their sequential deformation are 
described below, followed by an analysis of the strain suffered by 
these rocks using recently established techniques. A detailed 
-4­
investigation of the Alpine metamorphism of phyllitic rocks is al so 
presented. 
The general structural terminology of FLEUTY (1964) and 
RAMSAY (1967), and metamorphic terminology of SPRY (1969) and 
WINKLER (1974) are used. More specific references are made 
within the text where applicable. 
1.2 PREVIOUS INVESTIGATIONS 
Excellent accounts of the general geology of this area are 
contained in the early works of VON FELLENBERG (1893), 
LUGEON (1910,1914) and SWIDERSKI (1919), working for the SWiss 
Geological Commission. 
Important work which does not directly concern the area of 
the present research, but which meets point.s of similar local 
geological interest has been undertaken mainly in the basement, 
but also in cover rocks. This is, for instance, that carried out 
by COLLET (1947) concerning the ages of the Mesozoic rocks, and 
notably LEDERMANN (1945), SCHENKER (1946), HOGI (1956), 
LABHART (1965, 1966, 1968) and STECK (1966, 1968) in the areas 
east of the present area of research. FURRER (1962) wrote the 
explanatory-notes for the 1 : 25000 Swiss Geological Commission 
sheet 473 (Gemrni) which concerns the NW part of the area of reseal 
-5­
BAER (1959) studied a larger area in the SW end of the Aar 
Massif and gives great detail of the rock types present at some 
localities, though not giving detailed structural interpretations. 
Syntheses of structural sequences were not attempted by the 
early workers, although what appear to be refolded fold structures 
have been sketched by some of the authors (e.g. SCHENKER 1946 
fig. 9) but not describaias such. LABHART (1965,1966, 1965) 
and STECK (1966, 1968) have described detailed structural sequences 
for basement and cover of the southern part of the Aar Massif. 
Appropriate parts of these and other relevant investigations 
will be referred to in the course of the account. 
1.3 PRESENT RESEARCH 
During the first field season (1972) reconnaissance mapping 
was undertaken over an area of about 24 sq.km., and the junction 
between basement and cover was traced over this area, revealing 
the main structure (though the contact is usually unexposed). A 
preliminary structural sequence was deduced, and the stratigraphy 
of the cover rocks was studied. Photographs and sample hand 
specimens were taken of struct.ures, lithologies and strain indicators 
(deformed fossils and pebbles J and fibrous infills). Subsequent 
-6­
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laboratory work involved petrological investigation. 
During the second field season (1973), a geological map 
was made of most of the area of research, and the structural 
sequences in basement and cover were confirmed. Specimens 
were collected on a reconnaissance basis, for preliminary strain 
analysis, with a view to establishing a programme for later and 
more detailed fieldwork. Laboratory work entailed petrological 
fabric studies, and mainly qualitative strain analysis. 
The third field season (1974) entailed the solution of problem. s 
revealed in the previous work. More detailed mapping of the 
basement rocks was undertaken in the hope of determining a fuller 
understanding of the complex geological history. Detailed local, 
but also regional, sampling of strain indicators through photography 
and the collection of oriented hand specimens was possible in some 
of the cover rocks, but there is a general paucity of suitable strain 
indicators in the basement. Regional sampling of phyllitic rocks 
of both basement and cover was undertaken for use in detE?rminations 
of illite crystallinity, giving an indic.ation of the grade of Alpine 
metamorphism. Subsequent laboratory work involved the analysis 
of suitable samples for quantitative strain measurement and illite 
crystallinity measurem.ents. 
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2. 	 liTHOLOGIES 
2.1 	 BASEMENT ROCKS 
2 .1.1 	 Introduction 
The basement rocks are comprised of four major units, the 
Altkristallin gneiss complex, small scale Dykes and Veins intrusive 
to the gneisses, a group of graphitic psephites-pelites attributed to 
the Carboniferous, and the enigmatic psammitic ILaucherspitzen 
Schists r lying between two outcrops of Carboniferous rocks, and of 
somewhat uncertain structural position. Apart from the small scale 
dykes and veins, these divisions occur as large mappable units, and 
the Altkristallin is further subdivided into component units. 
A detailed subdivision of the basement rocks has not been 
attempted, si nce detailed mineralogical or petrographic work has not 
been undertaken, but a general understanding of the major lithological 
units has been obtained. A full geological history cannot be given. 
Although the main units of the Altkristallin complex are described, 
further subdivision of the gneissic group could be possible. The Swiss 
Geological Commission is at present undertaking work in L6tschental, 
and detailed work has been produced on nearby areas by LEDERMANN 
(1945), 	STECK (1966) and LABHART (1965 & 1968). 
Subdivisions of the Altkristallin are presented as separate 
mappable units although they may be related in formation, such as the 
-8­
migmatites and the foliated granite intrusi ves (and possibly also 
aplitic dykes and veins). Map units such as the mylonites and 
schistose augen gneiss have individual characteristics and are 
end products of complex geological histories. 
All basement rocks show retrogressive characteristics of 
Alpine and probably also lat e Hercynian metamorphism. Retrograde 
mineral assemblages have chlorite forming from amphibole and 
biotite, and sericitization and saussuri tization of feldspars. 
Retrogressive deformation textures are widespread, notably 
polygonization, but also cataclasis and mylonitization. It is 
frequently difficult to give meaningful interpretations of original 
orientat ion of structures because of their present subparallelism 
after strong superposed deformation over a long geological history 
(note the regional NE-SW trend with steep dip SE) • 
2.1.2. Altkristallin 
2.1.2.1. Gneisses 
The earliest and commonest rocks of the Altkristallin are 
here classed as a single group of gneisses of quite v~riable composition 
and texture. Although it is quite clear from fieldwork that further 
-9­
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subdivision could be undertaken, leading to a clarification of the 
geological history of this unit, this has not been possible within 
the scope of the present work. The gneisses have undergone high 
grade metamorphism, as is shown by the occurrence of migmatitic 
rocks, but there has been widespread retrogression of amphibole 
and biotite to chlorite, and sericitization and saussuritization of 
feldspars at least during the Alpine orogeny.] 
Most of the rocks are quartz-plagioclase gneisses or 
schists consisting largely of quartz, plagioclase, orthoclase, 
amphibole, biotite, chlorite, sericite, with accessory carbonate, 
epidote, apatite and iron. There is variation from quartz-feldspar 
banded gneiss with granoblastic light-coloured constituents in marked 
predominance over schistose dark-coloured bands (now mainly 
composed of chlorite), to dark-green more schistose sericite-quartz­
feldspar-chlorite banded gneiss. The appearance of these rocks on a 
weathered surface is typically whiter than on a fresh surf ace (due to 
decomposition of the feldspar) with banding more easily visibl e, 
rusty (due to the presence of hydrated iron oxide) , or green (due 
to the abundance of chlorite, though generally still not the major 
constituent) • 
The gneissic banding is steeply inclined to the SSE or SE, 
and generally has a spacing of 1-20 mm. It is commonly discontinuous 
-10­
in rocks which have suffered strong later deformation. The 
banding most likely formed in a subvertical attitude, and was 
generally subnormal to the maximum compressive stress of 
later deformations, which have therefore produced flattening 
normal to the banding, and extension parallel to the banding (see 
section 3.1). Felsic gneisses have tended to resist later deformation 
relative to more schistose gneisses with more micaceous constituents. 
The former therefore show 'better quality I apparently higher grade, 
gneissic banding than the schistose gneisses with their more 
pronounced retrogressive deformation. Cataclasis, largely 
during D4b' to more schistose gneisses was facilitated by parallelism 
of SIb and S4b' and is not so strong in areas where SIb is at a higher 
angle to S4b (see sections 3.1.1 and 3.3). 
The banding is so c1 osely spaced and discontinuous that 
major fold structures are rarely discernable, or traceable between 
outcrops. Minor folds occur only rarely and are commonly isoclinal, 
reflecting the prolonged history of compression normal to the banding. 
There has been a paucity of suitable orientations of flat-lying banding 
subparallel to compression, but a widespread occurrence of steeply 
inclined banding subparallel to extension. Mapping of major structure 
using the symmetry of minor folds would only be possible in a more 
detailed survey. 
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Major folds in the Tellifurgge-Faldurngrat area have been 
recorded, however (see plate 1) by the mapping of a sharp junction 
between quartz-feldspar gneiss and more schistose quartz-feldspar­
sericite-chlorite gneiss. The gneissic banding is parallel to the folded 
junction (the folding being largely D and D aae) For further2b 4b 0 • 
discussion of this problematic area see section 3.3. Other sharp 
lithological boundaries between members of the gneiss group, notably 
SE of Laucherspitzen, have not been investigated in detail. 
Augen gneisses are widespread in the Altkristallin, but are 
frequently only locally developed. There is a gradation from evenly 
banded gneiss into augen gneiss. The gneissic banding of the quartzo­
feldspathic fraction occurs as irregular phacoidal layers, lenses and 
augen. Discrete augen have long and intermediate axes within the 
plane of the banding. Augen occur in various sizes and st ates of 
preservation, but in similar rock types (sericitic schistose gneisses 
with a high proportion of medium grained, schistose matrix). 
Augen have formed by different processes over a complex 
history of recurring deformation and metamorphism. A common 
mechanism (see SPRY 1969 p. 235) is through cataclasis of the bulk 
of the rock leaving lq.rge strained relict porphyroclasts or mineral 
aggregates. From field evidence the following processes apparently 
contribute towards the form ation of augen: 
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a) The development of pinch-and-swell and boudinage of the quartzo­
feldspathic fraction in banded gneiss by a flattening-type deformation 
(see fig. 2.1). The maximum compressive stress of this deformation 
was subnormal to the gneissic banding, giving extension in all 
directions within the plane of the banding. 
b) Microlithon development by folding of discontinuous quartzo-feldspathic 
layers, with accompanying thickening of hinge areas, and attenuation 
of limbs. This would tend to produce short rods parallel to the fold 
axes rather than equidimensional augen. However, if this were 
superimposed on a boudinage structure such as already described in 
a) the augen texture may be consolidated. Similarly, boudinage of 
microlithon would develop augen (see fig. 2.2). 
c) Boudinage of quartz veins intruded into the gneisses (see fig. 2.3). '~~,"....•.•J....••
" 
" 
These veins transect the gneissic banding, and are commonly associated 1r 
with later periods of deformation (notably the migmatization). Such I!' 
deformation of recognizable veins has generally not been strong enough 
to produce augen (as in that case the vein structure would be obliterated) 
but indicates that this process might give rise to augen. These veins 
are usually thicker than the width of the gneissic banding, although this 
is not a diagnostic property. 
d) Regional dynamic metamorphic recrystallization not only produces 
mineral segr~gation, but can form large feldspar po:l;phyroblasts 
(see fig. 2.4). 
The appearance of augen gneisses is therefore cont rolled 
by several factors. The original composition partly determined the 
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Fig. 2.1 
Augen gneiss with 
gneissic banding SIb 
boudinaged into 
lenses and augen 0 
S4b//Slb (steep 
dip SE). 

Map ref. 6217 1351 

Fig. 2 .. 2 
Folding (during D 4b) 
of previ ous1y 
boudinaged Stb 
gnei$Sic bandin& ~ 

Map ref.. 62301359 

SIb gneissic banding, cataclasis controlled grain size distribution, 
and the cumulative sequence of metamorphism and deformation 
produced the present day rocks. 
2.1.2.2. Foliated Granite Bodies 
Massive, homogeneous quartz-feldspar rocks occur as 
discontinuous, sheet-like, or often lenticular layers subparallel to 
the gneissic banding (steeply inclined to SSE). These layers were 
originally granodioritic or granitic intrusions into the gneiss, as is 
shown by occasional exposure of c[;OSS -cutting contacts (see fig. 2.5). 
These layers are generally between 4m and 40m wide. Their length 
is difficult to estimate due to fluctuation in exposure and the 
discontinuous, lenticular shape of these bodies, but appears to be 
50-750 m. 
The main constituents of these rocks (as determined 
optically) are plagioclase, quartz, microcline, microperthite, 
orthoclase , biotite/chlorite, and sericite. There is no compositional 
banding and generally a granoblastic texture but with some polygonization 
The main Alpine schistosity S4b passes into these rocks but is only 
crudely developed, due largely to the lack of phyllosilicates. 
Polygonization and granulation, notably of quartz, commonly outlines 
the crude schistosity .. A coarsely spaced phacoidal or £laser texture 
is frequently developed. 
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The irregular shape of some bodies may be a feature 
of the original intrusion, or may partly result from subsequent 
deformation (e.g. compression parallel to the plane of a sheet-like 
body). Strong deformation is sho'NIl by some folded contacts (see 
fig. 2.6). 
These intrusions occur chiefly in the area of 
Laucherspitzen and in the neighbourhood of migmatitic rocks (see 
2.1. 2.3.). They may originate as locally derived granitic material 
formed by partial fusion during migmatization. The variation in 
size from large bodies down to small scale intrusions only a few 
metres in size, may also indicate such an origin, as the migmatite 
itself is often irregularly developed. The subparallel attitude of 
these bodies to the gneissic banding may be a feature of the original 
intrusions (see section 2.1.2.3. on the origin of the migmatitic rocks) , 
but may have been enhanced by rotation towards the vertical in 
subsequent deformation. The large scale intrusions occupy large 
volumes of rock and it seems unlikely that they could be related to 
the somewhat distant Central Aar Granite. Though not individually 
mappable, finer grained smaller intrusions (aplitic dykes - see 
section 2.1.3.1) also occur in these areas, and may well be the 
equivalent small scale intrusions. 
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Fig. 2.4 
Feldspar 
porphyroblasts in 
somewhat schistose 
augen gneiss ~ 
Map ref. 6215 1367 
Fig,. 2.5 
Foliated granite 
with intrusive 
contact in 
Altkristallin gneiss .. 
Map ref. 6203 1352 
Fig. 2.6 
Apparently folded 
contact of foliated 
granite with gneiss. 
Cusp-shaped folded 
surface indicates 
viscosity of granite 
> viscosity of gneiss. 
Map ref. 6210 1359 
2.1.2.3. Migmatitic Rocks 
Parts of the Altkristallin gneisses have been subjected to 
migmatization) and quite extensive areas are high grade 'gneisses 
and truly migmatitic rocks (the latter consisting of both gneiss 
palaeosome and homogeneous leucocratic neosome). In places large 
volumes of rock are occupied by homogeneous neosome. 
Progressive development of more regular, higher grade 
gneissic banding, from the more common gneissic banding seen in the 
Altkristallin (see fig. 2.7) can be seen most easily in rocks with 
roughly equal proportions of felsic and mafic constituents. Thebanding 
is approximately on the same scale, but is more even and continuous. 
Such a gradation takes place over a few metres of outcrop and the 
banding is parallel and continuous between both types of gneiss (suggesting 
synchroneity of formation) • 
The high grade gneisses commonly show contorted 
banding and the development of agmatite (fig. 2.8) where angular 
brecciated fragments lie in a homogeneous quartzo-feldspathic matrix 
of neosome. As the proportion of neosome increases, the blocks of 
palaeosome have more rounded outlines, and show increasing stages 
of assimilation into the matrix, until they have a rounded form with 
only vaguely discernable outline (fig. 2.9). The matrix has no banding 
or a very faint banding, and only a weakly developed schistosity due 
to later deformation. 
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Migmatites, being mixed rocks of palaeosome and 
neosome, have a markedly heterogeneous structure, especially if 
these two constituents are in roughly even proportions. ·When 
deformed by later events, such rocks apparently developed 
disharmonic folds of varying wavelengths (usually less than 1m), the 
styles of which depended on the varying thickness and continuity of 
felsic and mafic bands (see fig. 2.7). 
The largest area of neosome occurs in the SE face of 
Hornla.ger where it reaches 200-300 m in width. This may be termed 
a diat exite (BROWN, 1973, p. 375) since banding does not exist 
or is only very weak and local, and remnants of palaeosom.e are 
rare and poorly outlined (fig. 2.9). Some movement of constituents 
appears to have been likely for the form..ation of such a large body. 
Stemming from agmatitic and migmatitic rocks on 
Laucherspitzen, are quartzo-feldspathic (granitic) dykes, and possibly 
also the larger bodies of foliated granite (see section 2.1.2.2.). 
Neosome formed presumably by one or more of the 
processes of metamorphic segregation, partial fusion (with only 
localized movement of constituents), or metasomatism. M~vement 
of granitic fluid occurred in the case of agmatite formation, and also 
in the int rusion of the large sheet-like bodies of foliated granite. 
To the E of the area of research, LABHART (1965) 
and STECK (1966) have described migmatitic rocks from the SW part 
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:vHgmatitc (subsequently 
deformed) comprised 
of high grade s 
with evenly deve loped 
banding. and lower 
gneiss with 
irregular banding. 
'Map Ref. 6212 1355 
Fig. 2.8 
Agrnatite J with 
irregular, angular 
fragments of 
brecciated 
amphibolitic gneiss 
in leucocratic 
granitic neosome. 
Map ref. 6204 1352 
Fig. 2.9 
Diatexite, with 
few, rounded, poorly 
definable fragments 
of palaeosome I in 
fairly homogeneous 
neosome. 
Map ref. 6228 1353 
-of the Aar Massif. These are also amphibolitic gneisses in 
I granitic i matrix, and the migmatitic rocks of the present area 
of study probably represent the same event. These authors also 
suggest an origin for these rocks by both migmatization and 
introduction of material from outside: LABHART 1966 p. 48 
II •••••••••••• scheint mir in vielen Fallen eine Entstehung in situ 
unwahrscheinlich zu sein ••••••• Ich halte es aber anderseits auch 
fur m~glich, dass granitoides Material im Gestein se1bst mobilisiert 
und gewandert ist. II 
The formation of migmatites is discussed in detail by e.g. 
MEHNERT (1968), SPRY (1969), and WINKLER (1974). 
The only evidence found in the present area of research 
concerning the age of the migmatitic rocks is the presence of D4b 
structures such as the weakly developed schistosity and small scale 
folds. LA.BHART (1965) and STECK (1966) place the formation of 
the migmatitic rocks earlier than the intrusion of the Central Aar 
Granite. STECK (1966, p. 35-36, and figs. 12 and 19) describes an 
intrusive contact of this granite into migmatites, with the migmatitic 
banding sharply truncated. 
2.1.2.4. Mylonitic Rocks 
As already mentioned in section 2.1. 2 .1. above, with 
increasing subsequent deformation, the banding of the Altkristallin 
gneisses, where subnormal to the maximum corn.pressive stress of 
this later deformation) apparently became drawn out and discontinuous. 
This is especially noticeable in micaceous gneisses. Polygonization 
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and cataclasis gave augen schists, with porphyroclastic or mortar 
texture of large strained relict mineral aggregates in finer grained 
matrix. There is a preferred dimensional orientation of elongate 
grains parallel to the schistosity. With increasing deformation, 
locally protomylonites and eventually mylonites formed in zones 
steeply dipping SE (fig. 2.10). Some recrystallization of the mat.rix 
has occurred (to give hartschiefer d. SPRY 1969, p.230). Rocks 
containing a large proportion of sericHe in the matrix form phyllonites 
especially where further disrupted by later crenulations (during D5b 
and D6b) of the main mylonitic schistosity. 
An ENE-WSW trending zone of augen schist occurs on the 
S side of Niwengrat-Hornlager. This is generally quite fissile 
(occupying a wide gully between Hornlager and St riten), and there is 
a broad zone about 20-30 m wide where the schistosity is intense and the 
rock is usually fine-grained, (fig. 2.11). Within this zone is at least 
one mylonitic layer (best developed in Striten - see plate 1), which 
follows the schistosity, and is about 2 m in width (see fig. 2.12). The 
rock appears as a green- yellow-or purple-coloured phyllitic mylonite, 
consisting largely of sericite and quartz. 
Mylonitization strongly affects outcrops of Carboniferous 
rocks on Laucherspitzen. Dark coloured phyllites are intensely 
deformed to form protomylonites or mylonites, with exceptionally 
elongate porphyrocIasts formed from clasts in the original deposits, or 
from fragmented competent horizons (see also section 2 ..1.4.). 
-22­
-Very fine grained mylonitic layers up to 1-2 mm wide 
often occur in the schistose gneisses of the Altkristallin. These 
are generally discontinuous anastomosing zones with scattered 
distribution in the rock, and are often seen as dark patches on the 
schistosity surface, where finely comminuted sericite and opaque 
material has concentrated on schistosity planes. They probably 
represent the beginning of mylonitization. This shows that the 
mylonitizing deformation, although localized, is not solely restricted 
to individual zones of strong intensity. 
The age of the mylonitization is obviously post-Carboniferous, 
and is discussed in detail in section 3.1.5. Mylonites are here taken 
for discussion as an individual group of Altkristallin rocks ~ith 
special characteristics. 
2.1.3. Dykes and Veins 
2.1.3.1. Aplitic Dykes 
Small, medium to fine-grained aplitic dykes and veins, 
intruding gneissose Altkristallin, are quite numerous, especially 
in the Laucherspitzen area. These are parallel-sided intrusions, 
commonly from 5 cm to 1-2 m in width, and are mostly discordant 
with the gneissic banding S , with knife-sharp contacts (see fig. 2.13).
Ib 
The trends are very variable, but commonly E-W to NE-SW and 
N-S, with steep dip SE. 
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Quartz and plagioclase are the dominant constituents 
of these rocks, with some microcline, microperthite, chlorite 
(pseudom. orphing biotite), and sericite. Polygonization, notably 
of quartz, by deformation is well advanced, and the rocks have a 
crudely developed schistosity which passes into that of the country 
rocks (5 ). Depending on initial orientation with respect to the 
4b 
stress fields during succeeding deformation, these intrusive sheets 
deformed as single layers and occasionally show folding, or 
alternatively pinch-and-swell structures or boudinage. The age of 
these intrusions is therefore only vaguely established as being 
post-D and pre-D •
Ib 4b 
To the east of the present area of research, where the 
Central Aar Granite outcrops, STECK (1966, p. 53) records 
Altkristallin granitic veins, presumably originating before the 
intrusion of the Central Aar Granite, and aplite veins associated 
with the intrusion. Aplite layers are mentioned by FURRER (1962) 
as occurring in the basement W of Faldumpass, but it seems that 
these rocks are those which the present author has mapped as 
foliated granite bodies (see section 2.l.2.2.). 
The age and origin of thes e aplitic rocks remains 
incompletely resolved from the present work. Their small size 
allows easy identification in single outcrops, and they may be 
discussed as an individual rock group, but there appears to be an 
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upward gradation in size of these units to the scale of the 
megascopic foliated granite sheet-like bodies (which have the same 
trend and occur in the same area). The aplitic veins may be their 
mesoscopic equivalents. Alternatively, some aplites may be 
associated with later intrusions) for exam pIe that of the Central 
Aar Grani te. On surface outcrops this body is quite distant from 
the present area, though some igneous body may occur closer at 
depth. 
2.1.3.2. Dykes of Intermediate Composition 
Fine-grained dykes and veins of intermediate composition 
also intrude the gneissose rocks. These intrusions are not common, 
and are generally of small size and local extent, ranging mostly 
from 10 cm to a few metres in width. They are parallel-sided intrusions, 
steeply inclined, and trending roughly NW-SE. 
The considerable metamorphic alteration and the fine 
grain size tend to obscure the original mineraology. Plagioclase is 
heavily altered to sericite/muscovite, and larger ragged chlorite 
porphyroblasts may be pseudomorphs after amphibole, pyrozene 
or biotite. Quartz, plagioclase and chlorite are the major constituent s, 
and these rocks may originally have been microdiorites/andesites or 
similar (andesites in the descriptive sense, indicating a fine grained 
rock of such original composition) • 
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The dykes are mostly discordant with the gneissic 
... 
banding of the country rocks (SIb) but were later given the NE-SW 
trending Alpine schistosity (S4b). As with the aplitic dykes, the 
exact age of these intermediate intrusions has not been obtainable. 
They are post-Dlb and pre-D4b. No intermediate dykes have been 
observed in Carboniferous rocks, but associat-ion of these intrusions 
with the Central Aar Granite is possible. 
2.1.4. Carboniferous 
Clearly metasedimentary psephites, psammites, pelites 
and graphitic black phyllites occur in the area of Laucherspitzen 
(see fig. 2.14). These were first recorded here by LUGEON (1914) 
and almost certainly correlate with the small anthracite deposits 
and other graphitic schists to the east at Goltschried (or Goldsche ncried) 
in Lotschental (see CHRIST 1925). 
The Goltschried deposits were first mentioned by 
VON FELLENBERG (1893), and have yielded identifiable plant 
remains (see LEDERMANN 1964). These plants also occur at other 
Swiss localities in large assemblages which have been dated 
(JONGMANS 1960) as Stephanian A. These localities include major 
Carboniferous deposits which may be broadly correlated along strike. 
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Fig. 
Aplite veins intrusive to 
staHin gneiss. 
l\'lap ",ef. 6210 1359 
Fig. 2.14 Minor fold in 
Carboniferous. SE limb of major 
Laucherspitzen syncl ine (viewing 
SW) • 
Map ref. 6212 1357 
Fig. 2.15 
Minor folding and 
dislocation of bedding in 
Carboniferous of NW limb 
of major Laucherspitzen 
syncline (viewing SW). 
Map ref. 6212 1358 
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-They are those of Bifertengratli in the eastern Aar Massif, and of 
the Aiguilles Rouges/Mont Blanc Mas sifs to the west. It, therefore, 
seems probable that the Goltschried deposits would also be 
Stephanian A in age. 
The occurrence of graphite in some samples collected 
during the present study has been indicated by good electrical 
conductivity of these samples (see Appendix 1), though not all dark 
coloured samples contain graphite. 
The rocks of Laucherspitzen are mainly black phyllites, 
with interbedded peLites/psammites having irregular anastomosing 
lens es of black phyllite from a few mm. to several cm • in thicknes s • 
The clasts of the psammites and psephites a:re composed largely of 
individual grains of quartz and feldspar, and also lithic fragments 
of quartz-feldspar gneiss and quartz porphyry. Recrystallization 
has frequently given the fragments an indeterminate margin with the 
matrix, with interlocking grain boundaries. The matrix is composed 
largely of fine grained quartz, feldspar, chlorite, sericite,and black 
opaque material. Feldspars are cloudy with alteration products, 
and chlorite is replacing Fe-Mg minerals. 
Bedding is only rarely observable on a minor scale, 
and frequently shows competent psammitic horizons disrupted by 
later deformation, often into blocks surrounded by thin braids of 
incompetent fine-grained dark phyllite (fig. 2.15). Bedding trends 
ENE-WSW or NE-SW and is steeply inclined to the SE. 
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Three major outcrops of black graphitic phyllite 
occur on Laucherspitzen. Two subparallel layers about 10-30 m 
thick and generally 50-150 m. apart lie either side of the crest of 
Laucherspitzen. These extend over about 2 km. length of good 
exposure. A third layer about 50 m. thick and expos ed over about 
! km. occurs at the head of Faldumgrund. This layer contains 
fewer black phyllitic horizons and consists predominantly of 
psephite. 
A further small outcrop of graphitic phyllite, about 
10 m. wide and 100 m. in length occurs about I! km. SW of Niwenpass, 
close to the basement/cover junction. This is believed to be the 
first mention of this locality. A significant point concerning these 
rocks is that they are separated across strike from the main outcrops 
of Carboniferous rocks on Laucherspitzen by the deep major syncline 
of cover rocks in Faldumrothorn. 
Junctions with the adjacent Altkristallin gneis ses are 
difficult to interpret. Strong dislocation and often mylonitization 
(see section 2.1. 2.4.) has occurred at the junctions and within the 
dark phyllitic horizons. These rocks presented incompetent' 
horizons for later deformation. They presumably unconformably 
overlie a previously established Altkristallin gneiss complex. 
Considering the two outcrops of dark graphitic 
phyllite which traverse the summit of Laucherspitzen, previous workers 
have not commented in detail on the structure of these horizons. 
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One possible interpretation might be that they represent two 
separate deep isoclinal synforms into Altkristallin. However, 
from the mapping of minor fold symmetry (figs. 2.14 to 2.16) it 
seems that these two outcrops are opposite limbs of a single 
syncline. The psammitic'Laucherspitzen schists I (section 2.1.5.) 
which are enclosed by these two outcrops, therefore lie in the core 
of this syncline. The outcrop pattern of these rocks may also lend 
support to this hypothesis, since at the Wand E extremeties of the 
outcrops (the deepest exposures, at heights of 2200m. and 2440m, 
respectively) the two layers are closer together than in the centre 
of the outcrop (the highest topographical level, at a height of 2820m.). 
This major structure is an alm..ost isoclinal fold, and 
many minor folds are also isoclinal. If the major structure were 
projected to the basement/cover junction, it would clearly present 
an angular unconformity. Few truly isoclinal folds are formed in 
the cover rocks, and this is taken to indicate Hercynian deformation 
after the deposition of these Carboniferous rocks (D2b - see section 
3.1.4. ). Open to tight folding of the bedding together with an axial 
surface schistosity, formed during the basement deformation D4b 
(section 3.1.6.). 
A small exposure of graphitic protomylonite or cataclasite 
occurs on Faldumgrat (about map ref. 6219 1366) in a narrow layer 
of sericitic schist about 2-3m. in width and about 20m. length. The 
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origin of these rocks is uncertain, and they lie well away 
(ca. 1km. across strike) from the main outcrop of Carboniferous 
rocks. The adjacent rocks are quartz-feldspar-sericite-chlorite 
schistose gneisses of the Altkristallin. Xray analysis shows that 
these protomylonites contain considerably more chlorite relative to 
other phyllosilicate minerals than similar Carboniferous rocks 
(see section 5.6 and fLg 5.3) 0 This graphitic material may be 
from Carboniferous strata incorporated in a shear zone and brought 
dovln from a higher structural level. Alternatively the material 
may originate from some older graphitic deposit in the Altkristallin. 
It is interesting to note that Carboniferous rocks and 
indeterminate graphitic sericitic schists have been recorded at 
much lower topographic levels, about Goltschried in Lotschental 
(1500-1550 m., and also 1830 and ca. 1750 m.), and in the Lotschberg 
tunnel (1200m: after CHRIST 1925, and LEDERMANN 1945). 
Carboniferous rocks therefore occur in this area over a vertical 
interval of 1600 m. 
2.1.5. I Laucherspitzen Schists' 
Schistose quartz-sericite psammites of fairly uniform 
character occupy the area over the crest of Laucherspitzen, bounded 
on the NW and SE sides by the two main outcrops of Carboniferous 
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rocks. They require treatment under a separate subsection 
as a matter of interpretation as either A1tkristallin (i. e. pre­
Carboniferous) or post-black phyllite (i. e. ? Carboniferous). The 
second interpretation is suggested here on the basis of lithological 
and s tructur a1 information • 
These rocks are quartz-sericite-fel:ispar-chlorite schists 
and psammites, commonly with thin horizons (relict bedding) 
1-2 mm. thick, of dark phyllite (containing black opaque material) , 
especially near the junctions with the surrounding dark graphitic 
phyllites. Polygonization and cataclasis and the schistosity S4b' 
steeply dipping SE, are well developed. Dark opaque material 
frequently lies in schistosity planes brought to parallelism during 
deformation (s ee section 3.1.6. ). Relict bedding is also seen as 
quartzitic horizons, cut by schistosity S4b' 
The major structure of these rocks is a syncline outlined 
by the adjacent Carboniferous graphitic phyllite horizons, and is 
discussed in section 2.1.4. The junctions with these rocks appear 
to be conformable or tectonic, and are sharply gradational 
(fi g. 2.17). Horizons of black phyllite are occasionally interbedded 
with the psammites close to the junction. Minor D'4b folds at the 
junctions and bedding/cleavage relationships show symmetry 
consistent with the major structure. Symmetrical, often W-shaped 
minor folds in the centre of the outcrop, indicate they were formed 
in a synclincal core (fig. 2.18). 
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The major structure of these rocks as a single, almost 
isoclinal syncline may be a simplification. Very strong deformation 
is required to produce a subvertical isocline, and strong deformation 
(including mylonitization) is apparent in the Carboniferous 
graphitic phyllites (see section 2.1.4.). Large displacements 
on or subparallel to phyllitic horizons are quite possible. 
2.1.6. Fibrous and Open Veins 
Small scale quartz-chlorite veins occur throughout the 
basement, with elongate, occasionally fibrous quartz crystals, 
or alternatively with euhedral or massive aggr'egates which appear 
to have grown in open fissures. Elongate crystals are generally straight 
and perpendicular to the vein walls (s ee fig. 2.19). In open veins 
the fis sures have been incompletely filled with crystalline material 
and individual crystals are up to a few em. in size. The chlorite 
is fine grained and commonly occurs as a dust of chlorite on the 
surface of quartz crystals. 
The veins are a few mm to several em in width, although 
larger ones occur rarely, up to 30-40 em wide. The configuration is 
of generally straight, parallel-sided veins, lying parallel to each other 
or en echelon. 
The varying types of infill (elongate quartz or euhedral 
quartz) and the varying orientations possibly indicate different events 
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(especially when compared with the history of the cover rocks 
see section 3). 
Fibrous veins commonly trend roughly NW-SE or NE-SW 
and are variably inclined. In migmatitic and gneissic rocks 
relatively wide veins occur in the quartzo-feldspathic segregations 
(gneissic bands and migmatitic veins) and fibres are parallel to S 
4b 
indicating extension in the plane of the schistosity (fig. 2.19). Fewer 
and narrower veins occur in the more schistose sericitic and mafic 
(ch10ritic)bands. These veins appear to be associated with D 
. 4b 
boudinage of the quartzo-feldspathic segregations. 
The less regular open veins with coarse-grained euhedral 
or massive crystals have variable trend, but generally lie in the 
NW and SE quadrants. Inclinations are also variable. Veins of this 
group appear not to vary (in size or number) with the differing 
lithologies they transgress. They seem to be unrelated to any other 
deformations of the rock and are not affected by later deformation. 
They are probably one of the latests events in this area) probably late 
Alpine, and may be associated with late-stage doming of the Aar 
Massif. They have many similarities with the Alpine phase-five 
veins of STECK '1966). 
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2.2 COVER ROCKS 
2.2.1 Introduction 
These Mesozoic and possibly Permian recrystallized 
slates, sandstones and limestones, have unconformable autochthonous 
or parautochthonous relationships with the basement. The major 
unconformity before the deposition of cover rocks is seen in the 
difference of metamorphic grade between basement and cover, and 
in the overstep by the cover of the major basement lithologies and 
structures. The main structure is outlined by the basement/cover 
junction. No major dislocations have been found in the cover rocks 
of the area studied, though there are many examples of smaller 
movements, and the Triassic, Rhaetian-Hettangian and Aalenian 
rocks especially are generally regarded as horizons accommodating 
disharmonic folding. 
The stratigraphical subdivisions used here are those used 
by most authors (e.g. FURRER 1962) and are stage names. Generally, 
, 
single formations (as mappable units) are coincident with the stages. 
I The division of the Pliensbachian into Lotharingian, Pliensbachian 
1 ' 
and Domerian follows previous literature, and is convenient for the 
discussion of three formations. 
Macrofossil remains are not common, and in poor states 
of preservation due to the composition and coarse grain size of 
the lithologies in which they occur. COLLET (1947) established 
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ammonite zones for the Lias of Ferdenrothorn (to the N of the 
research area). There are no major unconformities in the present 
area of research, but some ammonite zones are probably missing 
(COLLET 1947). It is probable that in the SW of the area of research 
some of the rock units are slightly diachronous) or local non-sequence 
or unconformity has developed (see section 2.2.8). There are 
exposures of conformable junctions for all the stratigraphic units. 
There are wide variations in thickness of units, some of which appear 
to be tectonic (e.g. thickening in fold hinges and thinning on limbs) 
and some original sedimentary fluctuations. A summary of the 
major characteristics of the co~er rocks is given in Table 2.1. Details 
of the structures of the cover rocks are given in sections 3.2 and 4.3. 
2.2.2 ? Permian 
I BAER (1959, p. 40) describes an exposure of phyllites and 
I sericitic schists in Faldumpass as belonging to the Permian. Several 
f 
authors have reported phyllitic to conglomeratic rocks of possibleI 
l Permian age from around the SW part of the Aar Massif, but these 
authors and others have not been sure of the exact nature of these 
deposits (see BAER 1959 p. 33). These rocks have sometimes 
(e.g. BUXTORF and TRONINGER, 1909) been explained as cataclasites 
formed by Alpine deformation of basement. Even the rocks Baer 
describes in Faldumpass m;:w in part be such, since there appears here 
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Stage 
MaIm (un­
differentiated) 
? Callovian 
Bathonian 
Bajocian 
Aalenian 
Toarcian 
Domerian 
Pliensbachian 
Lotharingian 
Sinemurian 
Hettangian 
Rhaetian 
Trias 
? Permain 
Rock type 
(formation) 
medium grained 
limestone 
medium grained 
sandy limestone 
dark phyllite with 
sandy bedding 
laminations 
coarse grained 
limestone 
dark phyllite with 
sandy bedding 
laminations 
medium grained 
1st. w.conglom­
eratic horizons 
massive sand­
stone 
medium grained 
sandy limestone 
w.rare conglom­
eratic horizons 
calcareous 
s..ands tone 
sandy limestone 
blue-grey marly 
phyllites 
thin interbedded 
phyllites, lime­
stones and sand­
stones 
dolomitic limestcne 
w.micrite intra­
clasts. 
Rauhwacke 
? phyllites) 
conglomerates 
Common fossils 
echinoderm 
fragments 
echinoderm 
fragments 
-
echinoderm 
fragments 
-
belemnites, 
ammonites, 
bivalve fragments 
echinoderm fragments 
belemnites 
belemnites, 
ammonites, 
echinoderm fragrrents 
belemnites J 
ammonites prYEmea 
ammonites ,Gryphae<} 
belemnites 
-
bivalve fragments 
-
-

-

Approx. 
average 
thickness 
(m. ) 
>100 
? 1 
10-20 
10-20 
50-150 
20-50 
30-60 
70-150 
50-100 
1-2 
15 
20 
30-40 
30-40 
? 
Table 2.1 Summary of Cover Rocks Characteristics 
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to have been quite strong dislocation on the N limb of the major 
Faldumrothorn syncline (see section 3.1.5.). 
The Rauhwacke (the first Triassic deposit in this area) 
of the NW and W flanks of Niwen, contains pebbles of phyllites, 
dolomitic limestones, and conglomerates, which could represent 
earlier Triassic or Permian rocks. In any case, as might be 
expected of localized continental deposits, it is apparent that 
Permian rocks are very scarce (see also BAER 1959). 
2.2.3 Trias 
2.2.3.1 Junction with the basement 
SCHENKER (1946) working to the E of LOtschental on 
rocks of the southern border of the Aar Massif suggested the following 
lithostratigraphic subdivisions:­
6. Interbedded flaggy Ists. and phyllites Rhaetic 
5. Quartens chiefer (mainly phyllites) 
4. Rauhwacke and gypsum Keuper 
3. Phyllites with quartzites 
2. Dolomitic 1st. Muschelka1k 
1. Quartzitic sst. Buntsandstein 
The nature and sequence of deposits assigned to the Trias 
are especially variable even locally, due to diachronism, lateral 
facies variation, non-deposition, and erosion, and in the present 
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area of research these rocks are represented mainly by Rauhwacke 
and dolomitic limestone, which generally occur together, apparently 
over the whole of the area, although with varying thicknesses, These 
rocks are easily recognised in the field by their characteristic 
ora,nge colour when weathered. 
Though the actual junction between cover and basement is 
not well exposed, there are some small exposures in the E of 
Niw.enpass and on the ridge at Tellifurgge, where impure dolomites 
(occurring below Rauhwacke) are intimately involved with basement 
gneisses and schists. These rocks are strongly deformed, and 
were recrystallized after their juxtaposition. The dolomite in places 
forms a marble or a calc-mylonite, with layering parallel to the cover 
rocks schistosity SIc' and to the basement schistosity S4b. This is 
a single schistosity steeply dipping SE, passing directly from the 
dolomitic rocks into the gneisses. Some small (up to a few cm wide) 
'vein '-like masses with lenticular pods lying in basement S4b may be 
sedimentary dykes or veins formed before major deformation and 
recrystallization. These may, therefore, represent unconformable 
autochthonous relationships between cover and basement. 
Workers in adjacent areas (e.g. LUGEON 1914, SCHENKER 
1946, BAER 1959) have recorded a few m thickness of sandstones, 
dolomites and phyllites underlying Rauhwacke. Although the only 
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possible corresponding rocks here are the small outcrops 
mentioned above, pebbl es of such rocks in the Rauhwacke are 
presumably of local derivation. 
2.2.3.2 Rauhwacke 
This is the first major Triassic deposit and there are 
several exposures where Rauhwacke is separated from basement 
by only I-2m of debris, lying in a shallow gully parallel to the junction. 
The Rauhwacke is a massive, quartz-rich, dolomitic limestone generally 
with a brecciated appearance. Bedding is poorly defined, though 
occasional dark laminae seem to represent depositional variations in 
composition. 
Conglomerate rocks occur, but there is generally a high 
proportion of matrix. The fragments are angular to sub-rounded and 
consist largely of dolomitic limestone, green~ brown or purple 
phyllites, and quartz, quartzite and quartzite conglomerate, locally 
with a marked predominance of one lithology over the others. There 
is very little sorting or grading of the fragments, and a low degree 
of preferred orientation parallel to bedding. Some sedimentary 
structures fade out laterally, and there are examples of cross 
bedding. Occasional thin (ca. 30 em) interbedded green-purple 
phyllite horizons exist within the Rauhwacke and the younger dolomitic 
limestone (especially in the area Wysse See 619 135). 
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Many of the above features seem to suggest an origin for 
these rocks as sedimentary breccias. Certainly the apparently 
chaotic intermixing of some layers and fragments suggests very 
plastic behaviour of the rock. The angularity of some fragments 
suggests the rock from which they were derived was already well 
lithified, thought the roundness of some suggests the opposite. 
However, tectonism has played a significant role in the 
formation of these rocks. Some exposures are of impure dolomitic 
limestone net-veined with quartz-carbonate veins (carbonates 
predominating). Volume loss during secondary dolomitization 
also appears to have given rise to widespread fracturing. 
D lc minor folds are present, and the width of outcrop, 
and the outcrop pattern of several parallel near-vertical layers of 
Rauhwacke, due E of Faldumrothorn, suggests that here there are 
tight or isoclina 1 fol ds, trending NE-SW. 
The general absence of a cleavage in these rocks is probably 
due to the paucity of phyllosilicates. 
Some minor scale, regular, imbricate and fold structures 
may be due to tectonic activity, but the more complex are possibly 
sedimentary or diagenetic. Most authors (see also WARRAK 1974) 
suggest an origin for these rocks by a combination of sedimentary, 
diagenetic, and tectonic processes. 
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The present thickness of the Rauhwacke over most of the 
area appears to be about 30-40 m (e.g. E. of Niwenpass, and in 
Restipass) 0 Thinning occurs, also through deformation especially 
on the N limb of the Faldumrothorn syncline: in exposures in the stream 
at Faldumgrund (6214 1353), and in Faldumpass, the Rauhwacke is only 
about 2-4rn thick (see section 3.1.5). 
The base of the Rauhwacke is not exposed, but the top appears 
to be a gradation over a few m, via interbedded Rauhwacke , dolomites , 
and phyllitic horizons, into more uniform massive dolomitic limestones 
of section 2.2.3.3 • 
2.2.3.3. .Dolomitic Limestone 
This unit consists of interbedded massive and more phyllitic 
dolomitic limestones (micrite), characteristically orange or buff coloured 
on weathered surfaces, but with a grey to blueish-grey appearance on 
fresh sur.faces. Bedding is generally recognizable within massive layers 
by the presence of relatively light and dark colour-banding. These bands 
are usually only a few mm thick, and have no significant compositional 
difference from the rest of the rock. Trough.bedding and cross-bedding 
are visible. Bedding is also indicated by intraclast horizons, and again, 
although prominent on weathered surfaces, there appears to be very 
little compositional difference between the intraclasts (dolomitic micrite 
intraclas ts; terminology of FOLK, 1959) and the dolomite matrix (fig. 2.20). 
Euhedral pyrite crystals (up to ca. 2 mm in size) occasionally lie 
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preferentially in bedding planes • 
. The massive beds are generally less than 1 m in thickness, 
intervening beds occasionally comprising thin, more phyllitic horizons. 
'Slaty' dolomite beds are usually less than 1 m in thickness, and have an 
Alpine cleavage (Slc with steep dip SE) developed, whichgenerally 
obliterates bedding structures within hand specimens. There is no great 
compositional difference between these phyllitic units and the massive 
dolomite) but the presence of more phyllosilicates in the phyllitic horizons 
has led to the development of cleavage. There are rare fine-grained 
yellow-green-purple phyllites similar to those;found as pebbles in the 
Rauhwacke. 
Cleavage is generally not developed in the massive beds, and 
is represented only by joints. Cleavage is developed in the more phyllitic 
layers but cleavage surfaces' are uneven, especially in the presence of 
deformed, somewhat more competent intraclasts (fig. 2.20). Medium 
scale D folds occur. D2 and D small scale minor folds often affectlc c 3c 
SIc: these are generally a few cm in wavelength. D2c folds occasionally 
have associat ed S2c. 
The thickness of the dolomitic limestone format ion is about 
30-40 m, though tectonic thinning does occur (e.g. to 2-4 m thick in parts 
of the N limb of the Faldumrothorn syncline). The base of the unit is 
gradational from Rauhwacke, but the top is marked by an abrupt facies 
change within a few cm. 
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2.2.4. Rhaetian - Hettangian - Sinemurian 
A series of interbedded phyllites and impure, medium 
grained limestones and sandstone s follow from the Trias before the more 
settled sedimentation of the rest of the Lias. The Trias dolomitic 
lim estone is generally succeeded by a thin (ca. 0.5 m thick) dark 
phyllite, and then a grey-blue, sandy lumachelle limestone 2-3 m thick. 
This is succeeded by interbedded quartzitic phyllites and calcareous 
sandstone (with shelly layers) of vari.able thickness, generally 0.5-5 m 
individual thickness, with a total thickness of ca. 20 m. The phyllites 
especially show rusty coloration on weathered surfaces. 
The above rocks are generally referred to the Rhaetian 
(FURRER 1962, BAER 1959), and the conformable black or blue-grey 
marly phyllites which follow are generally referred to the Hettangian. 
Although only few fossil remains have been discovered by the present 
author, FURRER (1962, p. 8) cites species of Chondrites I Arietites, 
Nautilus, Cardinia, Gryphaea and examples of BelemnLtes sp. from the 
Ferdenpass area. Euhedral pyrite crystals, are fairly common, often with 
calcite fibres in pressure shadows on cleavage surfaces (51). These 
phyllites are generally about 15 m in thickness. 
Literature concerning the na.ture of the Sinemuria.n rocks is 
rather confused, and in the present work the author has not distinguished 
these rocks as a separat e unit ~ The blue-grey marly phyllites (Hettangian) 
pass over 1 - 2 m through sandy limestone into the calcareous sandstone 
-47­
of the Lotharingian. For the Sinemurian, LUGEON (1914, p.42) and 
BAER (1959, p.51) give a thickness of 1 m of sandy limestone with 
Ari etites sp. and Gryphaea sp. in the N of Niwenpass, while FURRER 
(1962, p.lO) suggests ca. 10m sandstone and ca. 20m blue phyllites 
for the stream section NE ot Bachalp (6197 1340). The p~es:ent author 
correlates lithologically these blue phyllites with the similar Hettangian 
phyllites in Niwenpass and elsewhere. 
In this Rhaetian-Hettangian-Sinemurian sequence, the phyllites 
have SIc cleavage well-developed, and also incipient S2c and S3c (fig. 3.6); 
sandy lithologies have more weakly developed cleavage. DIc minor folds 
in sandstone layers generally have wavelengths from 1 em - 1m depending on 
thickness of the fol ded layers. D2c folds are generally less than 10 em 
wavelength but one medium scale D 2c fold has been seen (in Niwenpass and 
about 1 km SW) noticeable especially at the base of the Rhaetian (at the 
junction with the Trias dolomitic limestone: see sect ion 3.2.2). D 3c 
kinks and shears also developed. 
2.2.5. Lotharingia~ 
This 50 - 100 m thick medi um grained calcareous sandstone 
generally follows the rocks described in thelTevious section with a sharply 
gradational junction. The lithology is nirly uniform,~ but bedding is visible 
due to very slight colour differences and changes in grain size and composition 
on a scale of a few cm. Cross bedding is rare and there are occasional 
phyllitic partings. The characteristic weathered colour is pale purple 
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or red, but the rock is grey or blue-grey on fresh surfaces. 
Gryphaea sp. and Belemnites sp. occur, and FURRER (1962, p. 9) 
records Schlotheimia sp. (?). 
Sl c cleavage is usually developed in these rocks. Dlc folds 
are usually over 20m wavelength, but minor folds of several cm 
wavelength formed in the closely spaced bedding. Open F 2c kinks occur 
rarely, af fecting S • Quart z-carbonat.e veins and en-echelon gashes
Ie 
occur. 
2.2.6. Pliensbachian 
The slight facies change over several m from calcareous 
sandstone to sandy limestone is taken as the Lotharingian-Pliensbachian 
junction. There follows a fairly uniform sequence of 70-150 m of 
medium grained limestone with interbedded sandy and calcareous layers. 
These small scale layers are usually a few em thick. Bedding, often 
discontinuous, is defined on the limbs of major folds by bedding planes 
and (easily seen on weat hered surfaces) by slight compositional variations. 
In the hinge zones, however, (e.g. Fa1dumrothorn syncline) bedding 
is represent ed by trai Is of boudins and pods of calcareous lithologies 
in more sandy lithologies. The pods lie with long and intermediate 
axes parallel to SIc (see fig. 2.21 and section 3.3) ~ 
Bedding is also shown by horizons, generally a few cm in 
thickness, with dolomitic limestone fragments 1-10 mm in size. 
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Some fragments are quite angular, and the lithology appears to be 
very close to that of the Trias dolomite, suggesting that these latter 
rocks were being actively eroded. Horizons in the Pliensbachian 
with scattered distribution of fragments) or with fragment-rich 
layers occur at several levels, but the most common is about 10-30 m 
from the base. Small, dark fragments up to a few em in size also occur, 
generally flattened into lenticular bodies "lying in SIc. In thin section 
these are dark brown but can be seen to contain sponge spicules and 
echinoderm fragments. Fragments of oomicrite are also present in the 
Pliensbachian. 
Fibrous quartz-carbonate growths occur in Dlc pressure 
shadows around al1 types of fragment. Belemnites are found rarely 
throughout the rocks, and occasionally ammonites. 
S cleavage is present, though not always well developed.
Ie 
Dlc minor folds, and boudinage of compositional layering are common, 
(fig--s.2.21 and 2.22). Open D2c kinks affect Slc' but few of these, and 
no D 3c folds have been seen, probably due to the only moderate development 
of Sl • Tectonic thinning seen in the cliff S of Ga1m considerably reduced
" c 
the thickness of the Pliensbachian and other Liassic rocks in this are<;t. 
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2.2.7. Domerian 
Over several m, the Pliensbachian sandy limestone grades 
into the overlying Domerian calcareous sandstone, which is about 
30-60 m thick. In places this sandst.one becomes a massive quartzite, 
but generally the composition is somewhat calcareous, consisting of 
sandy and more calcareous layers, interbedded on scales of a few em 
to a few m. Grain size is generally coarse, and the rock is massively 
jointed. 
About t km SW of Galm (6182 1337) and further SW, this 
Domerian facies does not occur, and dark phyllites (Aalenian) lie 
exposed within a few m of sandy limestone (Pliensbachian). Evidence for 
an explanation as a sedimentary fluctuation (facies chage, non-sequence 
or minor unconformity) might lie in the absence of' any visible dislocations 
in the rock. However, the dark phyllites are certainly an incompetent 
horizon, and the deformation in thi s area was fairly strong. Toarcian 
rocks are also affectedCior further discussion see section 2.2.8). 
Boudins and quartz-carbonate veins are frequently seen in 
the more competent sandy horizons, especially on fold limbs (fig~ 2.22) 
These are probably of DIe formation, although SIc is rarely developed 
except in lithologies at the base and top of the unit ~ and in areas of high 
deformation (e.g. NW face of Faldumrothorn, andSE of Galm). Dlc 
minor folds are occasionally seen in areas where bedding is moderately 
well developed. They are generally fairly open structures with 
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wavelengths of a few m~ In the cliff SE of Galm, (61881338) intense 
deformation resulted in tectonic thinning, and the production of S 
lc 
cleavage, which allowed the development of minor conjugate D kinks 
2c 
(wavelengths of several cm). 
These calcareous sandstones are very similar to the 
Lotharingian calcareous sandstones, but can usually be differentiated 
by their coarser grain size, more massive bedding, weaker development 
of SIc' and generally lighter colour on weathered surfaces. 
2.2.8. Toarcian 
The upper few m of the Domerian sandstone becomes 
progressively more calcareous upwards, grading into the coarse-grained 
limestones of the Toarcian facies. These are generally quite uniform 
blue-grey limestones, 20-50 m in thickness. Bedding is quite well 
developed, though compositional variations are slight. Belemnites, 
and occasionaly ammonites and lamellibranch or brachiopod fragments 
have been found. At the base, where the rocks are quite sandy, outcrops 
on Faldumrothorn show thin conglomeratic layers, having fragments 
of dolomitic limestone and belemnites. The fragments are up to 2-3 em 
in $ize and often angular. Thes e horizons are similar to horizons in the 
Pliensbachian limestones with dolomite pellets, and probably also 
represent nearby active erosion of Triassic dolomitic rocks. Etihedral 
and framboidal pyrites also occur, especially near the bas e • 
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These are up to 5-10 mm in size and usually have fibrous quartz-
carbonate pressure-shadow growths (formed during D ).
lc 
South of Ga1m (at 6188 1339) these limestones are only 
10-20 m thick and again have numerous, large, limestone fragments. 
Further SW this succession continues to the hill 2315 m (map ref. 
·6184 1337) but no exposures have been seen SW of here. At the locality 
6182 1337 and farther SW dark Aalenian phyllites and sandy limestones 
characteristic of the Pliensbachian facies are separated by only a few 
metres of unexposed ground. It is probable that these are true 
sedimentary relationships representing thinning of the Domerian-Toarcian 
sequence to the SW, with lateral facies changes or non-sequence, or a 
minor unconformity. The conglomeratic nature of the Toarcian indicates 
the proximity of land. The Toarcian limestones and the Domerian 
sandstones are overlapped to the SW by the Aaleni.an phyllites. In this 
area of strong deformation, especially S of Galm, it is also possible that 
a disLocation sub-parallel to bedding occurs, passing into younger rocks 
to the NE. Unfortunately, both Nand S of this area, exposure is poor 
and the base of the Aalenian phyllites is rarely exposed. 
Cleavage SIc is developed in the Toarcian limestone, often 
giving a crude slaty appearance. Minor D lc folds of several cm in 
wavelength have been seen in the base of the formation where there are 
relatively close. compositional variations in beds. Weakly developed 
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boudins also occur. No D 2c or D 3c kink bands have been recorded 
despite the development of Slc' but en echelon tension gashes occur. 
2.2.9. Aalenian 
A sharp gradation over a few em takes the cleaved Toarcian 
limestones upwards into dark Aalehian phyllites. These consist 
generally of black, often marly phyllites, with thin s andy layers and 
partings usually 1-10 mm thick and several mm or em apart. 
A coarse grained limestone horizon 3-5 m thick, occurs 
within the phyllites Wand SE of Galm. It seems doubtful that this is a 
widely occurring horizon, but this may, in part, be due to tectonic 
dislocation of this horizon. Poor exposure in the area of Schnydi has 
prevented, in the scope of the present study, a clear interpretation of 
the structure of this region, and this limestone horizon may be the 
Bajocian limestone which is more clearly seen south of Schnydi. It is 
difficult to ascertain the thickness of the MenLan phyllites owing to their 
incompetent behaviour during deformation, but they appear to be at 
present 50-150 m thick. 
The cleavage Slc is the most prominent structure. Thin 
sandy bedding laminations form the commonly seen intersection 
lineation. D and D crenulations and kink bands are common, and2c 3c 
Sand S from locally.2c 3c 
- 5.5­
mnr 
2.2.10. Bajocian 
South of Schnydi the dark Aalenian phyllites are seen to 
be overlain by a coarse, sandy limestone formation. This limestone, 
comparing with BAER (1959, p66), is regarded as Bajocian. The 
limestone is about 10-20 m thick with purer limestones (crinoid 
biosparite) at the base. It is blue-black on a fresh surface, but has a 
brown tint when weathered, and bedding is generally well developed. 
Cleavage S1c is moderately developed, though locally quite 
well developed (depending on intensity of deformation and composition 
of the limestone). Minor D lc folds and boudinage with quartz-carbonate 
veining are common. 
2.2.11. Bathonian 
Succeeding the Bajocian limestone with a sharply gradational 
junction are more dark phyllites, with very thin sandy partings, similar 
to the Aalenian phyllites. These phyllites are a formation about 10-20 m 
thick, which is regarded as Bathonian (ef. BAER 1959 p. 68). 
S is the main structure, with an associated intersection
1c 
lineation. D minor folds deform the thin sandy horizons which also
1c 
show well-developed, small scale boudins. D2c and D 3c open folds, 
crenulations and ki nks deform SIc. 
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2.2.12. ? Callovian 
Following the dark Bathonian phyllites are medium grained, 
yellow-weathering, sandy limestones, of the base of the MaIm sequence. 
BAER (1959 p. 69) attributes to the Callovian a ferru.ginous, often oolitic 
horizon at the base of the MaIm. This layer is generally less than 1 metre 
in thickness, and as noted by BAER (1959 p.69) does not have the 
characteristic oolitic faci es developed in exposures on the ri dge N of 
Horlini. BAER did, however, discover oolitic rocks on the S. side of 
Horlini which he attributed to the Callovian. 
2.2.13. MaIm 
Within a few metres of the top of the Bathonian phyllites, the 
yellow, sandy limestones give way to the characteristic, blue-grey MaIm 
limestones. These are fairly uniform, medium grained limestones, thougl 
there is some variation to coarser grained limestones and occasional 
sandy horizons. Chamosite - siderite ooids were found by the author in a 
thin (ca. 50 em) phyllitic horizon in the MaIm, on the north-facing ledge ( 
the summit of Horl ini. 
S is moderately well developed in the limestones, giving the 
Ie 
rock a flaggy texture (parting along S cleavage). Dark and light tones 
Ie 
indicate the compositional layering of bedding on a scale of several em, 
and minor D folds are often developed. Boudinage and associated
Ie 
quartz-carbonate veining also occurred. 
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3. DEFORMATl~~SEQUENCE 
A schematic summary of the main events in the geological 
history of basement and cover rocks is shown in fig. 3.7. 
3.1. DEFORMATION OF BASEMENT ROCKS 
3.1.1. DIb - The Fop1)ation of Gneissic Banding 
The earliest structure here recognized in the basement rocks 
is the gneissic compositional banding S of the Altkristallin (see eg.
Ib 
figs. 2.5 and 2.7). Presumably this formed by recrystallization 
(during D lb ) with metamorphic segregation, from a previously existing 
compositional banding which may have been original (bedding) or simply 
an earlier metamorphic banding. Some mechanisms for formation of 
gneissic banding are discussed by SPRY (1969) and.AYRTON (1969). 
This banding probabl y formed in a subvertical attitude, and 
at present trends NE - SW dipping steeply to SE. High grade 
metamorphism associated with the lat er migmatization wilLhave 
consolidat ed the gneissic banding and may be part of the event which 
first formed it. The migmatization itself, however, tended to homogenize 
the rocks and destroy the banding. Strong subsequent deformation has 
also considerably modified the banding, especially in schistose gneisses 
with more micaceous constituents (see section 2.1.2.1. and section 3.3). 
Flattening of the gneissic banding is common (the banding being subnormal 
to the maximum compression direction of subsequent deformations) and 
also the production of schistose augen gneiss. 
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The early history of the Altkristallin is still somewhat 
obscure (see section 3.3) but certainly the earliest, most widespread, 
recognizable feature is this gneissic banding Slb. It is earlier than the 
deposition of the Carboniferous rocks and earlier than the intrusion of 
the now foliated granite bodies discussed in section 2.1.2.2. 
3.1.2. Migmatization 
The high grade migmatitic and agmatitic rocks formed from 
the Altkristallin gneisses may be the result of higher grade metamorphic 
activity in the same period which produced the SIb gneissic banding. 
It is at least pre-Carboniferous in age. In areas of sporadic inception 
of migmat.ite, the banding in migmatitic rocks is a parallel continuation 
of the banding in the gneisses (fig. 2.7). Agmatite occurs at apparently 
higher grade, with amphibolite gneiss fragments enclosed in, and 
brecciated by homogeneous quartzo-feldspathic matrix and veins 
(fig. 2.8). Large volumes of diatexite also formed (fig. 2.9). 
The original shape of the migmat itic 'front t was probably 
irregular at medium scale (though may have shown a regional trend at 
large scale), but the present day attitudes of migmatitic rocks show the 
regional trend: NE - SW, with steep dip SE. M igmatitic rocks occur on 
either side of the Carboniferous syncline in Laucherspitzen, and in 
association with some quartzo-feldspathic aplite dykes and lenticular 
foliated granite bodies (s ee sect ions 2.1. 3.1. and 2.1.2.2. ). They also 
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occur in a large elongate, steeply inclined body, and smaller 
associated bodies on Niwengrat - Hornlager. The formation of the 
foliated granite bodies and aplitic dykes, which appear to stem from 
migmatitic rocks, possibly occurred during this migmatitic actiYity, 
but since these intrusions cut the gneissic banding SIb' either they 
occurred late in this complex metamcrphic/migmatitic activity, or 
the migmatization is a later event separate from the formation of the 
gneissic banding. 
3.1.3. Dyke Intrus ion 
All dykes (see section 2.1. 3) are clearly intruded across 
the previously existing SIb gneissic banding, and themselves have the 
Alpine schistosity S4b. 
ApI Hic dykes and veins may be associated with the 
migmatization. Alternatively some, or all of them, may be associat ed 
with subsequent intrusions such as that of the Central Aar Granite 
(late Hercynian). The intermediate dykes may also be associated with 
such intrusions. 
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Fig. 3.1 
Gneissic banding Sl b 
almos: isoc1inally folded, 
with slightly oblique 
development of S4b 
and associat cd D4b 
folds. 
I\ifap ref. 6223 1366 
Fig. 3.2 
Phot omicrograph of 
gneiss. 
SIb banding folded 
during D4b with 
development of 
schistosity S4b 
PPL 
Fig. 3.3 
D ~b box folds and 
!:l 
conjugate kinks deform­
ing S4b. Near vertical 
axial surfaces; local 
development of S 5' 
crenulation cleavage. 
Map_ ref. 6232 1362 
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3.1.4. - Post-CarboniferousD2b 
After the deposition of the Garboniferous phyllites - psephites 
and the Laucherspitzen Schists, lying unconformably on the previously 
established Altkristallin complex, these sediments were involved in 
he.te-Hercynian deformation (D2b). 
The major structure of the <G!3-rboniferous rocks and Laucher­
spitzen Schists over the summit of Laucherspitzen is a tight to isoclinal 
syncline whose angular unconformity when project ed to the base of the 
cover rock succession is due to the deformation D 2b • This structure 
appears to be nearly co-axial with the struct ures of the main Alpine 
deformat ion D 4b' It is therefore probable that the deformation D 2b 
originally formed more open folds and that these have been tightened 
to isoclinal shape by the strong superposed Alpine age folding during D 4b 
Since D b al so developed (as D ) a strong axial surface4 Ic 
cleavage in the cover rocks, it is difficult to tell whether D2b developed 
an axial surface schistosity wh.ich has been overpri nted during D4b 
(to produce a composite schistosity SZb/S4b) or whether S2b did not 
develop and the schistosity in the basement is solely of D4b origin 
(see section 3.1.6. on the development of the Alpine age schistosity 
S4b in the basement rocks) • 
Many isoclinal folds in the basement may be of such composii 
D 2b + D4b origin. Fig 3.1 illustrates such a fold and the relationshipG 
of the several deformat ions. 
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Since it seems probable (section 2.1.4.) that the Carboniferous 
stra1P.are about Stephanian A in age, and they are succeeded by the Lauch­
erspitzen Schists, a late-Stephanian to pre-Triassic age is therefore 
implied for this D2b deformation. 
3.1.5. D 3b - Myloniti~.ation 
Mylonitic and related rocks (see section 2.1.2.4) have 
developed in the Altkristallin and in Garboniferous rocks, in local narrow 
zones steeply inclined SSE. Mylonite is in part developed in a 2m-wide 
zone of bas ement phyllites outcropping at the basement/cover junction 
in the stream at the head of Faldumgrund (map ref. 62141353) and also 
further SW in Faldumpass. The mylonitic schistosity is parallel to the 
main Alpine schistosity (S ) of the adjacent cover rocks. The Triassic 
lc 
rocks in Faldumgrund and Faldumpass are very thin (3-7 m) compared 
with the south,eastern limb of the Faldumrothorn syncline (60-80 m ). 
It appears that strong Alpine deformation (D l ) in the core and northern , c 
limb of the Faldumrothorn syncl ine has deformed the rocks much more 
intensely than in other areas of the synclineQ 
This implies that much of the mylonitization is effected during 
the first Alpine deformation (D4b of the basement rocks). Since 
Carboniferous rocks ~re affected, the mylonitization must, in any case, 
be post-Carboniferous) and the trend of the mylonite zones parallels the 
trend of the post-Carboniferous D2b deformation, as well as that of the 
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Alpine age D4b and D 5b basement deformations.. The mylonitization 
may therefore be:­
a) Associated with basement deformation D2b (late Hercynian, 

late-or post-Carboniferous deformation). 

b) A separat-e late Hercynian evenL 

c) A separate early Alpine event. 

d) Accompanying basement deformation D 4b (the major Alpine 

deformat.ion) • 

e) A composite structure of some of the above almost coaxial 

deformations. 

The author, in the light of evidence from out side the area of study 
(see section 3.3), favours the interpretations c, d or e) but the 
characteristics of the mylonitic rocks allow them to be considered as a 
single group of rocks (see section 2.1.2.4) and the mylonitizing 
deformat.ion is denoted for convenience as a single, separate deformation, 
D 3b" 
3.1.6. D4b - Large Scale St£~ctures with Schist,osity 
The major structure of the basement which is outlined by the 
folded surface of its junction with the cover rocks, compri.ses broad 
anticlines and somewhat tighter synclines. These foLds have wavelengths 
(measured in a horizontal direction) of about 2 km and amplitudes (rneasur 
in a vertical direct ion) of about t km. Such large scale folds are not 
noticeable within the basement because of the lack of suitable marker 
horizons, but minor folds are widespread.. 
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These large scale folds plunge gently SW and face NVf. In 
the cover rocks they have a strongly developed axial surface cl eavage 
(SIC)' which passes into the basement rocks as the maj or schistosity 
S4b steeply dipping SE. This is seen where dolomitic limestone is in 
contact with the basement (see section 2.2.3.1.) and also where 
particularly st rong deformation of the cover rocks passes into basement 
rocks (e.g. the strongly deformed Triassic and Carboniferous rocks in 
Faldumgrund - see section 3.1.5. ). The schistosity S4b is formed by a II 
I 
parallel orientation of phyllosilicates such as seri cite and chlorite, with I 
some degree of preferred dimensional orientation of other constituents. 
The major folds of the basement /cover junction, and major 
and minor folds in the cover rocks are open to tight in style (not isoclinal) 
and this may be a useful criterion for distinguishing basement D4b fol ds 
(first Alpine event) from D2b folds (post-Carboniferous late-Hercynian 
event). D 4b folds are open to tight: D 2b folds having been tighlened during 
D are now isoclinal (see section 3.1.4. and figs. 3.1 and 3.2).
4b' 
However, fold shape is a notably variable charact er of any single 
deformat ion episode, depending on viscosity, thickness, etc. of the folded 
layers (see e.g • RAMSAY 1967, p. 378). 
The discontinuous, often lenticular nature of the SIb gneissic 
banding means that minor fold pairs (S- or Z-shapes) are often 
incompletely developed, and the symmetry of minor folds is generally 
difficult to ascertain. Consistent patterns are often unobtainable even in 
relatively small areas. 
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Pinch-and-swell structures, boudinage and associated 
tension gashes (fig. 2.19) and general flattening of SIb gneissic banding 
with accentuated development of augen, also took place during D • 
4b 
These structures are moderately widespread in development, and have 
fabrics which are associ at-ed with other D4b structures (folds and 
schistosity) . 
3.1.7. D - Small- Scale Folds and Shears
-5b 
After the main Alpine deformation of basement rocks (D4b)' 
subsequent deformation produced only minor structures of very 
localized development. D5b structures have a subparallel orientat ion 
to D4b structures. Small-scale folds, crenulation2, kinks, shears, and 
faults affect the SIb gneissic banding, and the first Alpine schistosity 
S4b forming locally a widely-spaced cleavage (S5b) steeply dipping 
SE (fig. 3. 3 ) • 
D 5b kinks and shears occur as conjugate pairs. The intersection 
of the two sets of axial surfaces plunges generally SW, and a subhori zontal 
NW_SE compressive stress is indicated (see section 4.2.1.). The kink 
bands are generally up to 4-5 em wide, and shears only a few mm. wide. 
Further deformation of zones of fissile schist and m ylbnitic 
rocks may have occurred (see section 3.1.5), but presumably this also 
would have been small scale or weak intensity. 
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3.1.8. 1?6b - Small Scale Kinks and Shears 
The group of structures assigned to D which deform S 
6b' 4b 
and SIb, developed under a different orientat.ion of stres s axesfrom D 
. 5b 
structures. Box folds have not been seen VTith this orientation. and 
generally D 6b structures appear to be slightly smaller scale and more 
brittle-type deformation structures than those of D5b· 
Kink bands generaJy from 1-3 em in width have developed 
(fig. 3.4) and. apparently where rocks are less fissile, conjugate shears 
of a few mm width and conjugate shear joints are more common. 
The line of intersection of these conjugate structures generally 
plunges steeply in the SE quadrant, and the direction of maximum compres sivt 
stress was subhorizontal in this quadrant (see sect ion 4.2.1» • 
There is, however, a wide variation in orientat ion of these 
conjugate structures, and rarely some are intermediate in orientation 
to D structure s (t he line of intersection of the conjugate sets 5b 
plunging steeply ,SW). Another rare group of conjugate shears and joints 
have a gently SE plunging line of intersection (or intermediate stress 
direction) with a subvertica1 maximum compressive stress, which 
D 't t' Mappears to be gradational to the more common 6b onen a lOne ore 
data would be r'equired for a better understanding of these conjugate 
structures. 
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3.1.9. Fibrous and 0Een Veins 
Fibrous quartz-chlorite veins appear to be associated with 
D 4b boudinage (or possibly D 5b fracture of D4b boudins) since the veins 
occur in boudin necks, and the fibres lie in S4b (see section 2.1. 6. ) • 
The veins are roughly normal to the schistosity S4b' and commonly trend 
NW -SE and NE_SW. Fibres are generally sub-perpendicular to the vein 
walls and plunge to the SW or NE, or to the SE. 
Occasionally cross-cutting relationships are visible between 
these two sets of veins. These sets are commonly inclined at about 600 _ 
o 
90 to each other, with the line of intersection roughly normal to the 
schistosity S4b' In some cases reciprocal cross-cutting relat ionships 
indicate contemporaneous, possibly conjugat e formation, but in other case:: 
the fibres which fill these veins are not parallel, and the stress field must 
have changed ori entation between the formation of the two sets (see also 
section 4.2.2.). Theseare probably indepen'dent, tensi Ie veins formed 
during D4b extension within the plane of S4b • 
Open quartz-chlori te veins occur in various trends but commonl 
in the NW and SE quadrants, and with variable dips. The often irregular 
outline of these veins, and very variable orientat ion makes difficult a 
determination of the stress field during their formation, but the occurreD' 
of undeformed, open fractures indicat es a lat e event, and these veins 
may have formed during late-stage uplift of this region. 
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Dr' kink fo1 S 
OD 4b" 
Axial plane near 
vertical, plunge steep 
to SE. 
ref. 6223 1353 
Fi g. 305 
Rhaetian sandstones 
with D, fold nose and 
lC 
S, (flat lying)Ie . 
deformed b;1 D;> 
~C 
(subvertical) • 
~/Iap ref. 6209 1347. 
Fig. 3.6 
Rhaetian prl.yllite 
with S1 (steep dip 
SE) fol%ed by D ? 
.)C 
crenula.tions. S3 
c 
subvertic trending 
N-S. 
Map ref. 6215 1353 
'11...·,.·. .··..' 
r~ 
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3.2 DEFOR1vIATION OF COVER ROCKS 
3.2.1. D 1c - Large Scale Structures with Slat y Cleava&~ 
The earliest recognizable deformation of the cover rocks 
produced commonly tight, upright to overturned folds, with axial surfaces 
generally dipping steeply SE, and plunges of 15_250 SW. The maj or folds 
of the cover rocks (fig. 1.2) are DIe structures, including the tight 
Faldumrothorn and Resti[;ot horn synclines, and the broad Niwen and 
Laucherspiltzen anticlines of the basement/cover junction. 
The cleavage SIc (usually steeply dipping SE) was produced with 
varying degrees of development, and with it the bedding-cleavage 
intersection lineation, whi ch is especially well developed in the Aal enian 
phyllites owing to their thin sandy laminae. S is the main cleavageIc 
( I slaty cleavage I) in the cover rocks, defined by orientation in SIc of 
long and intermediate axes of indivi dual minerals and deformed objects. 
It is often particularly well defined by pressure solution seams (DURNEY, 
1972a) of insoluble resi due; • 
Quartz-carbonate fibres grown in pressure shadows round 
competent object s (pyrites, lithic fragments, and some fossil fragments) 
and the fossils and dolomitic fragments themsebves,form elongation 
lineat ions commonly 'With steep dip SE or with gentle dip SW. 
Some quartz-carbonate veins developed early in this deformation 
These are often sigmoidal, apparently associated with the development 
of D minor folds or on fold limbs) boudinaged. Veins occur in 
Ic ' , 
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association with boudins (fig Z 22) d 1
•• ,an a so as en echelon tension 
gashes. generally with somewhat fibrous infills 
sho\ving lineation steeply 
plunging SE or gently plunging SW. 
Attenuation of the Triassic rocks of the N limb of the 
Faldumrothorn syncline to 3-5 m thickness in Faldumgrund at 6214 1::53 
(adjacent to basement mylonites with schistosity steeply dipping SE), and 
to 6-7 rn thickness in Faldumpass (adjacent to fissile, friable basement), 
appears to be a DIe structure, though complicated in Faldumpass by DZc 
(see section 3.2.2) • 
3.2.2. D2 - Small Scale Fol ds 
- c 
Deformations of this type (fig. 3.5) are small scale, although 
widespread. Folds generally vary from microscopic crenuLations of 
the previously formed S in phyllites, to crenulations and kinks of 
Ie 
several em wavelength in rocks with less well developed Slc. Only one 
relatively large D2c fo1 d is known, which occurs in Tri:assic and Rhaetic 
rocks in Niwenpass and about 1km SW. This is a tight fold with a 
wavelength of about 20 m,and S2 is moderately well developed. D2 
c c 
folds usually have axial surfaces' vertical or with a steep dip SE and 
plunge 10-25° SW. Occasionally developed are kinks (presumably 
conjugate to the above set) with axial surfaces gently dipping N to W, and 
plunges of 10_20° SW. Kink folds and chevron folds affecting SIC developed 
in Rhaetic and Lot hari ngian sandstones adj acent to a ? D2c thrust pI ane 
in Faldumpass (thrust plane dips to SE). 
-7.l,. 
a Me 
S2C crenulat ion cleavage and fracture cleavage develops 
only locally, and is near vertical, or with steep dip SE. These structures 
represent less intense deformation than D ,but originated under a 
lc 
stress field of a similar orientation (see also section 4.3.1.). 
3.2.3. D - Small Seal e Kinks
-3c -­
Small scale kink bands and shears which developed in the SIc 
cleavage with different orientat ions from D structures are referred to the
2c 
deformation D 3c ,. These structures have axial surfaces near vertical 
trending N-S or NW-SE, and variable plunges (usually steeply S or SE) .. 
The kink bands have wavelengths up to a fEWcm, and are usually open in 
style. Rarely, but especially in phyllites, a cl eavage S3c develops as 
fractures, usually associated with shears rather than kink folds (fig. 3.6). 
D 3c appears not to have developed any relatively larger scale 
folds such as occurred in D2c" The low intensity of the D 3c deformation 
is shown by rare occurrence and open style of the kink bands, but it is 
possible that some large scale fluctuations in strike of the SIc cl eavage 
may be attributable to D •3c 
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Progressive development of S b 
. . . d' 1gnelsslc Dan lng. 

Formation of migmatite and 

intrus:i..on of granitic bodies. 

D 2b Late-Hercynian deformation 
of Carboniferous, possibly with 
flat tening of Slb banding. 
D 3b myloni tization. 

D /0 major Alpine deform­
4b Ie 
a tion • Formation of S4b/Slc ' 
ti;;htening of D Zb structures and 
flattening of S banding.
lb 
D ,/D Crenulations) kinks and 50 2c 
shears with variable orientation. 
variable or\l'l~tat.ion. 
" • of 
':"l4 ~ 
,- . 3.7 Schematic reconstruction of main events in geoLogical 
history of basement and cover. 
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3.3 	 DISCUSSION 
As detailed in individual sections above, the following 
correlation of the deformation sequences is used: 
Table 3.1 Correlation of Deformation Seguences 
BASEMENT COVER TIMING 
D 
-
? Pre-HercynianIb 
D 
-
Hercynian2b 
? AlpineD3b 	 ­
..., 
DD4b Ie 
D D > Alpine5b 2c 

D
D6b 3c 
A schematic reconstruction of these events is given in fig. 3.7. 
The early histor,J: of the Altkristallin is difficult to interpret, 
and the gneissic banding SIb is the earliest widely recognizable structure. 
Within the Altkristallin complex, the large body of quartz-feldspar 
gneiss mapped in the TeUifurgge-Faldumgrat area (see section 2.1. 2 
and plate 1), and surrounded by more schitose quartz-feldspar-sericite­
chlorite gneiss, may be an original depositional unit (producing 
paragneiss), or may represent an early, pre-D int rusion into theIb 
basement (giving orthogneiss). An intE:.resting locality (in the area map 
reference 6214 1362) which the author has been unable to investigate 
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in detail, may provide evidence of the earlier geological history of 
this· region (pre-Dlb ). At this locality discontinuous dark layers in 
the quartz-feldspar gneiss, a few em in width and a few metres in length, 
appear to have the gneissic banding SIb developed through them obliquely 
inclined to the layers. These' dark layers may represent original thin 
sediment.ary horizons in the quartz-feldspar gneiss or small-scale 
igneous intrusions prior to Dlb • 
In this same area, the southern junction between the quartz-
feldspar gneiss (to the north) and the more schistose quartz-feldspar­
sericite-chlorite gneiss (to the south) is strongly folded. Although not 
studied in detail, it seems that the gneissic banding SIb is parallel to this 
junction, and therefore at the locality shown in fig. 3.8 a possible 
interpretationci the field evidence might indicate a downward facing fold, 
and therefore the presence of a deformation foldi.ng the gneissic banding 
SIb but pre-dating D2b. 
A fuller understanding of the early hist.ory of the Altkristallin 
remains obscure and would require further fieldwork outside the scope 
of the present work. 
The p're-Car.l?onifero:d.§. orientation of the gneissic bandi ng ~lb 
is difficult to estimat.e since the Carboniferous rocks themselves are 
now almost isoclinally folded. The thinness of the banding led to the 
production of small scale folds (cf. wavelength/thickness ratio) and 
general paucity of major struct.ures. The almost co-axial nature of 
-75­
/\IW
/ 
ranll dtic sketch of 
1ucalitv 62.IA 1 
indic (kW,nW;lrd­
L..c f,)\ cl .! nd 
deforrn ,",\,ent 
bc.tween [) ,mel D •ib ?b 

I;' ;lcl ng di recti on 

Minor fold in 
Altkristallin gneiss 
showing more intense 
development of S4b 
where subpara.Bel to 
Sib banding. 
Iv1ap ref. 6213 1357 
.Fig. 3.10 
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( 
the deformations D2b (Hercynian) and D4'Q (Alpine) has led to the 
steep inclination of the gneissic banding with regional (NE-SW) trend, 
and the production of almost isoclinal folds (tightening of D 2b fol:ls 
during D4b) • 
It is interesting to note, however, the in other part s of the Alps, 
the Alpine trend is not parallel to the late Hercynian trend, for example 
as shown at the SW end of the Aiguilles Rouges Massi f by the trend of 
the Permo-Carboniferous rocks. 
As describe in section 3.1. 5. the development of mylonitic !gck~ 
in the basement is of rat.her uncertain age, but is assigned the notation 
D 3b. The orientation of the mylonitic fabric, and the as sociation of 
myloni tic rocks with strongly deformed Triassic rocks in the NW limb 
of the Faldumrothorn syncline may suggest association with D4b and D lc • 
In the adjacent area to the north at Kummenalp however, W.E.G •TAYLOR 
(pers. comm.) has reported the occurrence of early Alpine tectonic 
slides producing interleaving of basement and cover rocks, with local 
development of a strong planar fabric in the cover rocks, and zones of 
granulation and mylonitization in the basement. This occurred earlier 
than a deformation which correlates with Dlc/D4b in the present area 
of research. This implies that mylonitization in the present area may 
also be an early Alpine event prior to D4b • 
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The Alpine schiE~osity S4b :raries in intensity quite considerably 
throughout the bas ement. This often coincides with lithological 
variations, where rocks composed of a greater proportion of phyllo­
silicates develop this schistosity more strongly. This variation in 
intensity of the schistosity is also seen (fig. 3.9) where the gneissic 
banding SIb has variable orientation with respect to the schistosity S4b. 
Relatively massive gneiss is found where the gneissic banding is at high 
angles to S4b (so that S4b developed across the banding). More 
schistose gneiss is found where the gneissic banding is subparallel to 
S4b. Here the banding is more discontinuous apparently drawn out, 
and the schistosity is strongly developed. 
Other variations in intensity of S4b occur where isolated relict 
blocks, with gneissic banding preserved, are surrounded by areas with 
strong development of S4b. In these exposures heterogeneous develop­
ment of S4b across the gneissic banding appears to have occurred, 
often somewhat similar in appearance to microlithon structure. This 
structure may, however, be related at least in part to the mylonitizing 
deformation D which produced structures with the same orientation. 
3b 
Similar disruption of a previously formed layering by localized strong 
development of S4b is also seen in Carboniferous rocks and the 
Laucherspitzen Schists (fig. 3.10). 
-78­
~=I "FE 
Examining structures produced by the same deformation in 
the cover rocks (DIe) in certain lithologies individual layers of 
differing composition are separated into discrete rods parallel to the 
cleavage (forming a bedding/cleavage intersection lineation). This 
has been seen in dolomitic limestones of the Trias and in sandy lim.e­
stones of the Pliensbachian (fig. 2.21). In some cases it is apparent 
that there has been no displacement of the bedding parallel to the cleavage 
planes so these structures cannot repres ent fold hinge zones with a.ttenuated 
limbs-. A possible cause may therefore be extension, giving boudinage of 
the layers, before compression, folding, and the development of the 
cleavage. The smooth round outlines of the rods may be due to their 
development in relatively soft sediments before the major deformation, 
possibly in part during diagenesis, and to the absence of bedding planes 
as major structural planes of weakness, (these layers represent only 
very slig;ht compositional variations, rarely visible in fresh hand specimens 
but more apparent on weathered surfaces). Migration of some 
constituents during deformation, from areas of developing cleavage 
(where cleavage event.ually cuts across the layering) into 'hinge areas I 
(where the bedding remains as rods) may also occur by processes similar 
to those discussed by e.g. COSGROVE (1976, p. 170 ff) and DURNEY 
(1972a) • 
Considering the subsequent deformation~, in the basement two 
groups of late stage conjugate kinks and shears have developed, which 
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are assigned to D 5b and D6b only ~n the basis of orientation and 
style. Superimposition of one upon the other, thereby indicating 
relative timing) has not been observed. D 6b structures have different 
orientations and appear to be slightly smaller scale than D 5b 
structures. The same criteria apply to recognition of the. corres­
ponding deformations in cover rocks (D2 and D ). The quite wide c 3c 
variation in orientation of these structures, especially D6b and D3c' 
probably reflects local variation which may develop in such weak 
deviatori c stresses. 
With such relatively weak deformation major structures are 
rarely visible in the field. However, it can be noticed from regional 
mapping (Plates I and 2) that progressively at higher stratigraphic levels 
in the cover, the bedding and S cleavage become flatter lying withlc 
gentler dip SE. This may be due to variation in D lc stress field 
orientation, or may be a large scale DSb structure. Out-side the area of 
research, to the Nand W, recumbent folds and gently inclined 
parautochthonous cover may be related in formation. 
Similarly, large scale fluctuations in the strike of the main 
Alpine cleavage SIc or S4b may be large scale D3c or D6b folds. 
Eat ina. of the above sequence of deformations on stratigraphic 
and radiometric evidence depends on correlation with other areas (only 
rather vague stratigraphic evidence is available here). The formation 
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of the Altkristallin gneisses of the Aar M
aSSl'f generally, is clear: y 
pre-Carboniferous, but groups of Hercynian and pre-H ' ercYnlaD 
(to Precambrian) age dates as well as appare tl ',-1 hn y mlXeu. ages ,ave 
been recorded in various Alpine massifs (BERNOUlLI t 1 1974
e" a " 
GRUNENFELDER 1962, GRUNENFELDER et al1964, JAGER 1962). 
Regarding the Carboniferous rocks and Laucherspitzen schists, 
and the succeeding deformation D2b in relation to the Hercynian orogeny, 
as already stated (section 2.1.4.) the age of plants found in other 
Carboniferous deposits implies a Stephanian A age for these Carboniferous 
rocks, and therefore a late-Stephanian to pre-Triassic age for the 
deformation D 2b. The fairly simple structure of these rocks (though 
now strongly deformed) and the persistence of sedimentary characteristics 
such as bedding, and the occurrence of illite crystallinLty values similar 
to those of cover rocks (see section 5.7), may also reflEct the relative 
simplicity of a late event in the Hercynian orogeny. This period 
corresponds to the general Allobrogian phase (LUGEON 1911, 
BERNOULlJ et a1 1974). The Upper Palaeozoic history of the eastern 
Aar Massif is discussed by FRANKS (1968a), where Rb/Sr dates around 
300 my from the Aar Massif, (WUTHRICH 1965) are thought to represent 
the main Hercynian events, around the Namurian/Westphalian boundary 
(cf. WUTHRICH 1965 p. 958). 
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The Central Aar Granite is late Hercynian in age (Late 
Carboniferous to Permian: SIGRIST 1947, EUGSTER 1951, HUGI 1956) 
and has yielded U/Pb dates of about 230 to 315 :t5Sny (PASTEELS 1964) and 
RblSr dates about 249! 40 to 277! 35 my with a 280 my isochron 
(WUTHRICH 1963, 1965). 193 +- 21 my for the late Mittagfluh Granite 
may be a mixed age (JAGER, 1962) ; WUTHRICH (1963 and 1965) has 
obtained 256 ~ 22 my for this granite. Intrusions related to the Central 
Aar Granite would presumably be of similar age (s ection 3.1.3), though 
other gro.nitic intrusions had occurred earlier in the Hercynian orogeny 
(JAGER 1962, FAUL1963, WUTHRICH 1963,1965). 
The main Alpine deformation (D ID b) can only be dated hereIe 4 
on stratigraphic evidence as post-Mal m (post- Jurassic). Better 
stratigraphic evidence has been found in the Glarus Alps and elsewhere 
(see e.g. TRUMPY 1973, p.243) and is discussed in more det<:til in 
section 5.11. The lat.er minor deformations D2c/D Sb and D3c/D6b are 
difficult to date. The development of open veins (section 3.1. 9) would 
appear to be the latest event, and is possibly related to uplift. Fissure 
minerals from the Aar Massif have been dated by PURDY and STALDE 
(1973) and give K/Ar ages of 11-38 my (where minerals vrith ages 38-65 
are assumed to contain excess argon). 
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4. 	 STRAIN ANALYSIS 
4.1 	 INTRODUCTION 
An analysis of structures has 11 d 
a owe determination of the 
stress field orientations for individual phases of d f t" AI" 
e orma Ion. na YS1S 
of strain markers gives quantitative estimates of th t f t " e amoun 0 s raIn 
for the main Alpine deformation D 4b/D lc. Comparisons are drawn 
between the effects of deformation on basement and cover rocks, and 
on individual formations of cover rocks. 
The main Alpine structures developed during the first period 
of deformation in this area (D /D ). Subsequent deformations were4b Ie . . 
relatively vlcal,. in intensity. When deformed, a multilayer sequence of 
such variable lithologies as occur in the cover rocks (interbedded 
sandstones, limestones and clays) develope considerable variation in the 
type and style of structures produced (e.g. fol ds, fractures, cleavage). 
This c1e<lrly visible variation reflects variations in the relative physical 
properti s thicknesses of these differing lithologies. 
Techniques of analysis involved field mapping of structures, the 
use of ground photographs, slabbing and sectioning of oriented hand 
specimens, and production of life-size or enlarged perl;Danent records 
yl1otography or tracing. Planar measurementsof defonu~1d 
o (c .g. the surface 45~090 dips 45 to theare 
south> 	s 
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L i$i 
Fig. 4.1 C:Jj'.·e jbres in 
pressure shado\v growths on S 
- Ie 
Fig. 4.2 Pressure shadow 
fibres viewed along SIc. XPL 
Fig. 4.3 
Deformed 
amrnoni te 
(sP€::c. C2.3) 
rnurian/ 
Lotharingian. 
Fig. 4.5 Deformed faecal
• 4.4 Deformed ooids 
pellets {sp. 45A}. Tri as 1st_(sp. 484A). MaIm phyllite. XPL 
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Fold styles are classified according to RAMSAY (1967, p. 359) 
and HUDLESTON (1973, p. 24) G The former classification reflects the 
viscosity contrast with adjacent formations, and the latter classifies 
the geometry of a folded surf ace. 
Elongate quartz-carbonate fibres occurring in veins and pressure 
shadows (figs. 4.1 and 4.2) associated with D4b/Dlc have been used to 
determine stress field orientation. Such fibres have grown progressively 
as deformation proceeded, the lengths of the fibres indicating the direction 
of extension. Curved fibres indicate a progressive re-orientation of the 
stress field, and have been used in semi-quantitative analyses of the 
incremental strains, though not using the detaUed techniques of DURNEY 
and RAMSAY (1973). Curved fibres have largely been studied in hand 
specimen because of the possibility of slightly oblique thin sections 
showing inaccurate curvature. 
Deformed pebbles, ooids, faecal pellets, and micrite intraclasts 
have been used for quantitative strain analysis using the techniques of 
DUNNET (1969). The terminology and notation of DUNNET (1969) is 
adhered to in this account. Deformed ammonites have been anal yzed 
using the technique of TAN (1973). 
Owing to the various processes of formation of augen (see section 
2.1.2.1) they have not been used in quantitative strain analysis. 
Fragmentary rocks of the bas ement are restricted to the- Upper 
Carboniferous deposits where recrystallization has not obliterated the 
Ii 
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sedimentary fabric, and small pebbles in a Carboniferous phyllite 
have been analyzed. Fossils are absent from basement rocks although 
plant fragments have been found in Carboniferous rocks at Goltschried 
(LEDERMANN 1964). There is a general paucity of useful strai n ~ II'
markers in basement rocks. 
In cover rocks the possibilities for quantitative strain analysis I 
are good. There is a wide range of markers occurring at several III 
horizons (fossils fig. 4.3, ooids fig. 4.4, faecal pellets fig. 4.5, intraclasts 
fig. 2.20, and pebbles). Useful markers which have not been used in the 
present study include small rounded pebbles of ? Triassic dolomitic 
limestone occurring in conglomeratic hori zons in Lotharingian, 
, 
Pliensbachian, Domerian, and Toarci an rocks, small nodules possibly 
of chert or algal micrite, occurring mainly in Pliensbachian rocks, and 
belemnites which are occasionally found in large numbers also in 
Loth aringian to Toarcian rocks. 
The small amount of quantitative data produced does not allow 
detailed conclusions, to be drawn in a regional anaLysis of strain, but 
a.."1.alyzes some local situations and may guide future work4 
-86­
4.2 BASEMENT ROCKS 
4.2.1. General Structu.ral Anilisis 
As discussed in section 3 above, for early (Hercynian) 
deformations of basement rocks very little data is available, and these 
structures are strongly overpointed by subsequent Alpine deformation. 
D2b Structures of this phase are shown most clearly by the major 
structure of the Carboniferous syncline over Laucherspitzen. Tightening 
of these structures during the main Alpine deformation (D4b) produced 
the present isoclinal folds with axial surfaces steeply dipping SE. Fold 
plunges are variable, generally to SW and NE. FoLd styles are shown in 
table 4.1. A cleavage may have developed but none has been recognized. 
D 3b The mylonitic schistosity is parallel to the main Alpine schistosity 
S4b (see also sections 2.1.2.4. and 3.1.5). 
D The main Alpine structure is shown by the basern..ent/cover junction.4b 
Triassic and later rocks appear to have been deposited fairly uniformly 
over the whole area on what must have been (until the Alpine orogeny) an 
approximat ely flat bas ement unconformity surface. 
Folds. Tight, upright to overt urned folds with axial surf ace 
schistosity S4b' developed with axial surfaces steeply dipping SE arJ.d 
variable fold plunges (commonly to SW but showing a partial girdle 
approximately on S4b; see fig. 4.6). The variation in fold plunges is 
probably due to variation in attitude of the deformed planar structure 
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Fig. 4.6 D structures
-4b 
o 0 o 
o 0o 	 pole to axial plane o 0 
o 
axial plunge 
+ 	 intersection lineation 
+' 
, . 
.. 	 o 
• + + 
o 
Fig. 4.7 SIb 	 ::- .:., ~.. 
pole to SIb 
" 
gneissic banding 
o 	 pole to Carboniferous 

bedding 

o 
(compositional banding). SIb gneissic banding in the Altkristallin has 
variable orientation, due probably to earlier deformations. Bedding in 
the Carboniferous and the Laucherspitzen Schists is less variable. The 
orientations of SIb and Carboniferous bedding are shown in fig. 4.7, the 
scatter when compared with the bedding of cover rocks (plate 2) indicates 
this variability in pre-Alpine orientation. 
Fold styles for various lithological units are shown in table 4.1. 
These are all minor folds, indicating the small scale of the compositional 
banding. The .only major folds are shown by the basement/cover junction, 
the Carboniferous syncline on Laucherspitzen, and some major 
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lithological units of the Altkristallin such as the quartz-feldspar gneiss 
on Faldumgrat. From table 4.1 the strong competency of aplite veins 
is clear and the Carboniferous phyllites are incompetent and generally 
strongly deformed, but otherwise the predominance of similar style 
folding may indicate fairly uniform deformation and similar competencies. 
Disharmonic folding of gneissic and migmatitic banding occurs where the 
SIb banding is uneven and discontinuous. Earlier, possibly flow folding 
during migmatization is not always distinguishable from D4b structures. 
Isoclinal D4b folds may be present, but may not be distinguished from 
tightened D2b folds. D2b folds are only identified with certainty when 
cut across by D4b structures such as the schistosity S4b' or when the 
amount of D4b deformation is known as in the angular unconformity of 
the Laucherspitzen Carboniferous syncline with the basement cover junction. 
Schistosity. S4b is developed throughout the basement though 
lithologies such as felsic gneiss, foliated granites, and aplites have few 
phyllosilicate constituents and so develop a weaker schistosity . 
Carboniferous phyllites have a good slaty cleavage, and other lithologies 
show features of pressure solution and redeposition of quartz (notably 
often fibrous quartz pressure shadow over-grovvths in the plane of S4b: 
see section 4.2.2.). Regional variation in orientation of S4b is shown 
in plate 2. Apparent partial girdles shown notably by the Carboniferous 
rocks and Laucherspitzen Schists may be due to cleavage f·anning. 
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Table 4.1 Basement Rocks Fold Styles 
.._'" 
Fold style classification after: ­Deformation 
---......~ 
Phase 
Ramsay (1967 ) Hudleston (1973) 
-

2 (IC, 3) 5B 5C 5D 5ED 2b 
"" 
-

D 
4b gneiss 
2 (IC,3) 
(disharmonic ) 3B 3C 
2D 
3D 
2E 
3E 
2F' 
3F 
4B 4C 4D 4E 4F 
_. 
5B 5C 
-
migmatite 2 (IC, 3) 2C 2D 2E 
disharmonic 3C 3D 3E (cusps) 
4C 4D 4~:'.... j 
aplite IC ID 
2C 2D 
3C 3D 
"--	 ­
Carboniferous 2 (3 ) 	 3C 3D cusps 
4C 4D 
Laucherspitzen 2 (iC, 3) 	 2D 2E 
Schists 3C 3D 3E 
4B 4C 4D 4E 
5B 5C 
... 
D 	 2 (IC, 3) ID IE 1Sb 2C 2D 2E 2 
3C 3D 3E 
"'-..., 9,11 . 

2 	 ID lED6b 
-"",--,.,_." ­-
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Some of the scatter of plots may be due to large scale slight landslip 
which is clearly visible in thes e well foliated rocks at all localities on 
steep ground. 
Linear ~tructures. SIb gneissic banding and Carboniferous 
bedding form intersection lineations with S4b' These, and fold hinge lines 
are shown in fig. 4.6. They show somewhat variable trend but lie clos e 
to the plane of S4b. Fibrous crystal growths, indicating extension 
directions, lie approximately within S4b (see fig. 4.11 and section 4.2.2). 
Rarely, minerals such as hornblende show a weak lineation, usually steeply 
dipping SE, which may have formed by rotation during this deformation. 
Augen in the Altkristallin and pebbles in the Carboniferous occasionally 
show a faint lineation, also in the plane of S4b (s ee section 4.2.3. ) ~ 
Tension Gas0-es • Pinch-and-swell structures and boudinage are 
common in the more competent bands of Altkristallin gneisses. Associated, 
often fibrous tension gashes also occur in these competent layers (fig. 2.19) 
the fibres indicating extension within the plane of S4b • 
D 
5b 

Folds. These small scale folds deform S b and have styles as
4 .. 
shown in table 4.1, and orientations as shown in fig. 4.8. Folds generally 
form in rocks with well developed S4b: shears are more common in 
competent rocks with less well developed S4b. Conj ugate sets with an 
upright axial suface and a flat-lying axial surface are common, but fig. 4.8 
shows that there is considerable variation in orientationo The lines of 
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Fig. 4.8 D 
05b 0 
0 
0 
0 
0 
0 0 a pole to axial plane 
0 0 
0o 0axial plunge and 0 0 
0 0 
00crenulation lineation 
o 
,.. o 
~ .... . . 
. -... 
o 
Fig.4.9 D6b 
o pole to axial plane o ~o 
o o 0 0 
o 
o oaxial plunge 
o 
o 
o 0() 
o o 
o ? 
intersection of conjugate sets (the intermediate stress direction) and fold 
hinge lines usually plunge gently SW. The wiele vari ation in orientation 
of axial surfaces and variable sense of shear (sin istral or dextral) 
indicate variation in orientation of the stress field. The compressive 
stress in some cases (fig. 3.3) appears to be directed close to S4b and 
the gneis sic banding with moderate plunge SE. In other cases the sense of 
shear indicates that the compressive stress has moderat e plunge NW 
(see also fig. 3.7 and section 3.1.7). 
Cleavage. S 5b crenulation and fracture cleavage is locally 
developed in schistose rocks, and is subvertical to steeply inclined SE. 
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Folds,. Kink bands are common in rocks with well developed 
S4b' conjugate shears in rocks with less well developed S4bo Table 4.1 
shows the styles of thes e folds, and figs. 4.9 and 3.7 show their 
orientation. As discussed in section 3.1.8 there is a considerable 
variation in orientation of these structures) but frequently the line of 
inters ection of conjugate structures plunges steeply in the SE quadrant, and 
shear senses indicate that the compressive stress direction was sub-
horizontal in this quadrant. 
Conj ugate sets of kink bands are rare, and the sense of the 
single kink band is commonly sinistral (see fig. 3.4) indicating compression 
from the SE or E. The dextral shear surface would therefore be steeply 
inclined trending E_W to NE-SW. This is approximately parallel to S4b 
and SIb along which slip may have occurred, obviating the need for a 
dextral shear kink band. 
Cleavage . No closely spaced fracture cleavage is developed, 
but jointing on very widely spaced fracture I cleavage' parallel to axial 
surfaces is rare. 
4.2.2. Fibrous C...E.Ystal Growth~ 
Veins D4b quartz-chlorite veins are often straight tensile 
veins associated with boudina.ge. Shear veins also occur, however, and 
there is a wide variation in vein ori.entation (fig. 4.10) making a more 
detailed statistical analysis impossible with the present limited data. 
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Fig. 4.10 D .4b veIns 
pole to vein 
Fig. 4.11 Basem.ent fibrous 
crystal ori~ 
dashed line: average S 
4b 
./
/ 
";". ".. /. 
-...... ' ....::/
--.~"-:. 
The stra.ight fibres clearly lie close to the plane of S (f'Ig. 4 •11) • "'~hl_e 
. 4b 
almost complete great circle gildle of fibres and the various orientations 
of tensile veins indicate extension in most directions within S4b. Assuming 
S4b is the XY plane of the D4b strai n ellipsoid (X> Y >Z) this may 
indicat e flattening type deformation. 
Pressure Shadows Fibrous quartz, sometimes with chlori te 
and carbonate, forms pres sure shadows on individual grains" on grain 
aggregates, on pebbles in Carboniferous rocks, and on euhedral pyrite 
crystals or framboidal aggregates. These are commonly a few mm but up to 
few cm in length. Pressure shadow fibres also lie close to the plane of 
S4b (s ee fig. 4.ll). Though various od entations on the schistosity plane 
indicat e that extension occurred in various directions within S4b' the 
-94­
p_u" LQ2iZ£ '#1*+.,_ 
Fig. 4.12 Sketch.. of S4b schistosity 
plane with antitaxial fibrous quartz 
crystals on a pyrite host. 
Map ref. 6223 1369 
presence of curved fibres on the S plane indicates that th t .4b - e ex enSlOD 
direction progressively changed its orientation within S Tn h t4b' aug, no 
apparent from fig. 4.11, the most common orientation of fibres and the 
orientation of the longest fibres has modetate to steep plungeSE (fig. 4:.12). 
Less common and short er are sections of curved fibres which plunge 
gently ESE, E, NE and SW. 
Consideration of criteria use d to indicate the direction of fibre 
growth (DURNEY and RAMSAY 1973 p.82) shows quartz fibres in pressure 
shadows of pyrite hosts to be antitaxial , and quartz fibres :uound 
Carboniferous quartzite pebbles· and indivi dual quartz grains in the base­
ment to be syntaxial. Pressure shadow ends of antitaxial growths (i.e. 
the earliest growth) are often not similar in shape to the outline of the 
host, especially in sections normal to S4b and appear to be slightly affected 
by 'tater deformation (antitaxial growth places them progressively further 
from the influence of the pressure Ishadow I) . 
Though based on a small amount of dat.a, both syntaxial and 
antitaxial growths indicate that early extension directions have steep 
NE (plunge SE, later rotating to gentle plunge E and subhorizontal see a so 
fig. 4. 26 ). 
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_ 4.2.3 Deformed Object~ 
One specimen (no. 218) of a deformed clastic rock ha.s been 
analyzed for comparison with cover rocks. This rock is from the 
Carboniferous deposits of the Laucherspitzen syncline) at the eastern 
end of the southern limb (map ref: 6213 1357). The fragments are well­
rounded ovoid quartzite or granitic composition pebbles (generally l-20mm 
length) in a dark phyllitic matrix. S4b schistosity is partly deflected 
round these competent particles but pressure shadow overgrowths are 
slight. The ductility cont..rast between pebbles and matrix is therefore 
probably high (see GAY 1968b) and the pebbles will record a much lower 
value of strain than that suffered by the matrix. The bedding trace is not 
visible in hand specimen, but is assumed from field evidence to be very 
close to the cleavage plane(66.055~. 
Fig. 4.13 shows the Rr/JZf diagrams for this specimen. Assuming 
initial random orientation of pebbles J the initial ratios are mainly less 
than 2 : 1. The best visual fit Rf/}Zf curves give finite strain ratios shown 
on individual plots. These ratios correlate well into the 3-dimensional 
finite strain ratio 3.1: 2:1 (see table 4.6) and give an approximately 
flat tening type deformation plot in fig. 4.27. 
It is possible that with such initial ratios these pebbles had a 
weak initial sedimentary or diagenetic preferred orientation, but since 
apparently strong deformation has brought bedding and pebble long axes 
now subparallel to the c1 eavage plane, it would be difficult to discern any 
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Fig. 4.13 Rf/0 diagram for Carboniferous pebbles: specimen 218. 
asymmetry of the R f//6 diagram. The bedding plane section (approximately 
parallel to the cleavage plane section 2l8A) may have had a random initial 
orientation of pebbles impl ying that the steeply plunging SE lineation is of 
true tectonic origin. Final pebble shape sections Xf 2 f and Y f2f are 
sections normal to bedding (2l8B and 2l8C). These sections may have 
contained Xi 2i sections of initial pebble shapes and may therefore give 
incorrectly large finite strain values shown in table 4.6, which are a 
product of any initial shape and the true finite strain. 
The spread of relatively large and sm all R f values on the 
cleavage trace in sections 2l8B and 218C may reflect differential extension 
in the cleavage plane shown by pebbles of differing ductility (different 
composition: see e.g. RAMSAY 1967 p.221, GAY.1968b). Relatively 
incompetent pebble lithologies would show large Rf values, and more 
competent lithologies would show smaller Rf values (and probably greater 
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fluctuation of long axes from the mean ¢). Pebb' f ';ff o~~les 0 c.,. erl"c 
composition may also have differing initial shapes A 1-~ ..._~ 
. • c.to.rer UH~.C:'-
standing would be obtained by restricting analyses to pebbles of a more 
uniform composition. 
Differential rotation of pebbles in their more ductile matrix 
(also discussed by RAMSAy 1967 p. 221, and GAY 1968ab) may have 
occurred here, producing a cl oser parallelism of pebbles with the 
cleavage pI ane. Since folds are formed, inhomogeneous deformation has 
occurred, with the axis of rotation parallel to fold axes. However, the 
similar style of most basement fold.s (see table 4.1) may imply that most 
deformation at least at small scale was homogeneous pure shear 
(FIJNN 1962 p. 424, RAMSAY 1967 chapter 7) approximating conditions 
for the use of this R/yj technique. The finite strain ratio is r.:.evertheless 
a product of the true strain ratio and any initial fabric (probably weak), 
and the true strain ratio is the product of deformations D2b and D4b· 
4.3 C OVER ROCKS. 
4.3.1 General Strus-ural Anal~ 
D 
lc 
° f Ids of this area are clearly shown by theFolds. The two maJor 0 . 
1 fi 1 2) Generally folds of this(basement/cover junction see plate , g. • . 
upr10ght to overturned, facing NV!, with gentledeformat ion 2~re tight, 
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Table 4.2 Cover ~_2cks Fc:1d Styles for D 
Ie 
'_''0 __''-'''­
........ 

Fold style classification after .­
Formation 

Ramsay (1967) Hudleston (1973) 

-
-
. 
MaIm ? IC (2) poorly 

Callovian exposed 
 3C 

4B 4C cusps 

Bathonian 3, disharmonic 

2C 2D 
!--- ...~ , . 3C 3D 
4B cusP.sBajocian lC ­
2C 2D 
-~.... --_.__.. 3C 3D 

4B 4C 

Aalenian 3, disharrrLonic 5B cusps 

3C 
--- 4B 4C 4D 
5B cuspsToarcian IC (2 ) 
3C 3D 
4B 4C 
Domerian IC 2D 
3D
--
-.­
4B 4C 4D
Pliensbachian 2 (lC, 3) 
-
2D 2E 
- 3C 3D 3E 3F 
4B 4C 4D 4E 4F 
Lotharingian lC, 2 (3) 

Sinemurian 
 2C 
1-----------. 3B 3C 
4B 4C 
':l.Hettangian '-', disharmonic 5B cusps
Rhaetian (sst. -1st horizons 
. 
IC) 
2C 
. '-- 3B 3C 3D 
Trias Dolomite IC,IB (massive 4B 4C 4D cusps 

units) 

..­
2, 3 (slaty units) ID IE 
~~ 
----' 2D 
3C 3D , 
Trias Rauhwacke IC, 2,3 disharmonic 4C 
-99­
Fig. 4.14 D 1 c ..;;s;..;t;.;:r...;:u:.:c:;.:t~u!...:r:..:e::..:s~ 
o pole to axial plane 
axial plunge 

x intersection lineation 

o 
00 
plunge SW (see fig. 4.14, and plate 2, bedding stereographic 
projections). Table 4.2 shows fold styles of this deformation for 
the different lithologies and lithological junctions of cover rocks. This 
describes medium scale structures (of several metres wavelength) 
affecting the whole formation considering each formation as a single 
layer, and so indicates its style in relation to other formations. Where 
there is a ductility contrast between adjacent formations, the junction 
develops cusp-shaped folds which are not describable by the scheme of 
HUDLESTON (1973) unless described by separate quarter-wavelengths 
of very variable shape (e.g. 2C antiforms with SA synforms). Ductility 
contrast across folded surfaces accounts for much of the variation in 
shape shown in the table. The shapes of median surfaces of formations 
are not shown in the table but are fai~ly constant (ca. 3D, 4D) as may 
be expected for the closely interlocking layers of this multilayer 
sequence. This represents the general style of this phase of deformation. 
Individtlal formations composed of interbedded horizons of very variable 
lithologies (notably the Rhaetian) show a wide range of fold styles of 
From 
competent and incompetent horizons forming smaller scale fol ds. 

this table it is clear that massive sandy and calcareous horizons are 
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competent and developed many almost concentric folds, while 
phyllitic horizons are incompetent and developed disharmonic 
accommodation structures. Major competent horizons are underlain 
and overlain by significant thicknesses of incompetent strata (the 
folding tending towards single layer buckle folding though restricted 
by adjacent competent strata). These horizons are massive units of the 
Triassic dolomitic limestone, sandstone and limestone horizons in the 
Rhaetian, and the Bajocian limestone, and some may be useful for 
waveleng11lthickness, viscosity contrast l and amplification calculations. 
Bedding measurements over a well exposed medium scale 
fold in massive Triassic dolomitic limestone allowed construction of 
a IT -diagram (fig. 4.15). Approximately cylindrical folding is indicated 
by the great circle girdle, and the assumption that approximately 
cylindrical folding occurred on the scale of the area studied is supp!Orted 
by field observations on the continuation along the hinge line of 
individual large scale folds (for example over Faldumrothorn - see 
plate 1). Plate 2 shows bedding stereographic proj ections for four 
regional subareas, also indicating little variation. 
Cleavage. This 1 axial surface' slaty cleavage SIc steeply 
dipping SE, is the main structure of phyllites and the I slaty I Triassic 
dolomitic limestone. Other lithologies (s andy and calcareous) have 
too few phyllosilicate constituents to produce a good fissility, but thin 
section examination indicates a parallel alignment of these constituents 
especially in pres sure solution seams. Well developed features of 
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Fig. 4.15 It -diagram of 

D fold 
 . • ...... 0 •• 
-lc-- "­
'" 
pole to bedding 
."'. 
" 
'\ 
0 pole to axial plane "\ 
X If -axis x 
.\ 
solution transfer (such as pressure solution seams parallel to S 
lc 
truncating fossil fragments and ooids, and quartz-carbonate mineral 
overgrowths, often fibrous, within the cleavage plane) can be seen in these 
medium to coarse grained rocks to form the S fissility of sand'! and
Ic ­
calcareous lithologies, giving an irregular ~i £1aggy i appearance of S 
lc 
in hand specimen. In some places mas sive sandy and calcareous 
lithologies (especially the Domerian and Rhaetian quartzites and some 
horizons of Trias dolomitic limestone) have a weak fracture clea.vage. 
Regional variation in the orientation of Slc is shown in plate 2, 
indicating flatter lying cleavage (and also bedding) at higher stratigraphic 
levels (especially noticeable above Toarcian). This may be due to later 
deformation (possibly D2c ) or may indicate a variation in the regional 
Dlc stress field orientation (see also section 3.3). Regional study of a 
larger area may be enlightening. 
Individual subareas show a slight variation in cleavage 
orientation' of steeper and shallower dips wi th approximately the same 
strike. This is mainly caused by c1eav8.ge fanning but may also represent 
the effect of later deformation (D 2c ). 
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Linear Struct~ - Bedding/cleavage intersection 
lineations and fold hinge lines have gentle plunge SIN and are shown in fig. 
4.14. Fibrous crystals indicate an elongation lineation within SIc 
(fig. 4.16 and section 4.3.2). Rarely, and in areas of locally strong 
deform ation, a quartz mineral lineation is visible on weathered surfaces 
of s andy rocks. This has steep plunge SE and may form by solution 
transfer overgrowth, or grain growth on minor slip surfaces. 
Elongation lineations are also shown by the long axes of 
deformed pebbles, poids) and ammonites plotted on fig. 4.16. These 
are field measurements and have a large error for small and weakly 
linear obj-ects (notably pebbles). Two main trends are clear) however: 
relatively steep plunge SE and gentle plunge SW, both of which lie 
in the plane of S (see also section 4.3.3).
Ic 
Boudinage structures also indicate extension, and the length 
of boudins often approxim_ates to the intermediate stress direction. 
Boudinage is common in competent horizons of all lithologies, but 
individual boudins are often discontinuous along their length indicating 
flattening type deformation or a change in stress field orientation. 
Boudins commonly have shallow plunge SW and rarely steep plunge S or 
SED 
Tension Gashes - Boudin necks are occasionally filled with 
quart.3-Carbonate veins, often fdibrous. Other discontinuous veins occur 
in competent sttata as en echelon tension gashes G The trend of individual 
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fibrous crystal growth 
o deformed object long axis 
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Fig. 4.17 D ~n echelon veins
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o 
'\ 
o 
pole to individual vein 
o pole to en echelon set 
,. 
veins is often at a low angle to the trend of the whole en echelon set 
(fig. 4.17). These appear to be minor accommodation structures, 
possibly formed during folding (see also section 3.2.1.) and resulting 
from stresses directed within competent beds. The principal 
compressive stress commonly has moderate to steep plunge SE and the 
principal extension direction has gentle to moderate plunge SW. Rarely 
occurring sigmoidal tension gashes in some competent horizons are 
relatabl e to local stresses during fold formation by flexural flow (see 
e.g • RAMSAY 1967, fig. 7-58). 
D 2c 
Folds - open folds from microscopic crenulations to small 
scale kink bands have developed. Fold styles of this deformation 
(see table 4.3) vary little between lithologies, but depend mainly on the 
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intensity cf development of S lc 0 
Table 4.3 
Deformation -------;:~;~ty~e cla-:ifiC~t:i::-~-fte-:~-1 
--,-------.--,....---'-------­...--.. '~.---.-"' .. 
Phase 
Ramsay (1967) IIudleston 1973 

D 2 (le, 3) 1D IE; IF 
2c 2D 2E 2F'
---l-"---If) JE : --­
D 2 I3c 2,D 
'-------,,---- ---,,-"'..,......_...,,"'-.-"._,._,-_._",,-_.,.­
Phylll"tes clevelop Swell' calcareo'u<" rocl"': r~'"',:.'~ .~,;O. Fl·C,_"',.I':,,.18, I c ) ,', -' ."" , ., ,- ., . t: ' 
shows the orientation of D? folds. With such little dati.~ tl:e se 
c..C 
discussed in section 3.2.2 and shovvn 1n fig "3.7 Into 11 C 
steeply inclined and flat··lying Idnk bands is n'lt noilc(: 
be an over-simplification. Flat-lying or st(; inc d kink do 
not show a consistent sensefof sl'lt~ax (sini~; tnl or dextral) em 
different localities. This indicates eitlic,' <;;. elf;'; in 
of the stress field, or an alternation of m ndnirnum stress 
directions. The wideppread of data sho\vn • 4.18 favour the 
first possibility. 
The inters ection of a.pparent 
stress direction) approximately parnU is 
gently SiN. 
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Fig. 4.18 0 
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o pore to axial plane 0 0 
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0 
0axial plunge and 0 
crenulation lineation .' , 0 0 
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Fig. 4.19 D 
-3c 
o 	 pole to axial plane 
axial plunge o 
o 
o 
o 
C~.2-.:y:~~ - Locally developed S2c axial plane crenulation 
and fracture cleavage is steeply inclined SE. 
D
-3c 
Fold§.. _ The small scale kinks and shears have styles shown 
in table 4.3. Axial surfaces are near vertical trending N-S to NW -SE 
(see fig. 4.19), and fold plunges are steep to S or SE. The shear 
sense is commonly sinistral) indicating that the maximum compressive 
stress waS subhorizontal from the SE or E. The dextral shear surface 
would be approximately parallel to SIC or bedding along which slip may 
have occurred, making the formation of dextral shear surfaces unnecessary. 
The interrnediate stress direction was steeply inclined SE and the 
minimum compressive stress was subhorizontal to SW or S (see fig. 3.7) • 
.geavage__ Rarely a crenulation or fracture cleavage is 
developed parallel to fold axial surf aces. 
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4.3.2. 
D fract-u "f'lllc re In 1 s occur as tension gashes in cornpet2nt 
lithologies or as rn ell" d " or oca Ize structures In competen!. mah:-'rials 
such as boudin necks, pebbles, belemnites and pyrite. There is 
complete variation from pIt "I - " ure y ens1 e structures where any flbrous 
infill is normal to the vein walls, to shear structures which are 
occasionally conjugate and have fibrous infilling crystals at a moderate 
angle to the vein walls. The orientations of fibres (see fig. 4.16) 
lie approximately in SIc and indicate extension directions plunging 
SE, Sand SW. 
Pressure Shad.ows DIe quartz-carbonate pressure shadows growths occur 
round competent objects such as pebbles, pyrite, fossils (mainly 
belemni tes and crinoid ossicles) and individual crystals or crystal 
aggregates. Fibres lie close to Slc (fig. 4.16) but the approximate 
girdle indicates extension in various directions within SIc. Extension 
directions plunging SE or gent ly SW are common. Curved fibres indicate 

a progressive change in orientation from SE to SW (fig. 4.1). The 

largest pressure shadow grow-ths (up to 1-2 cm) and those with greatest 

~ 
curvature, occur round the largest hosts: framboidal pyrite aggregates, 
belemnites and s orne pebbles. 

Table 4.4 shows fibre composition and growth sense for the 

various hosts and surrounding lithologies. Especially in sections 
n.ormal to S pressure shadow ends (i. e. distal to the host) in antitaxial 
lc' 
growths may not have the same shape as the outline of the host (see fig .4.2) 
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Table 4.4 C over: rock~pressure h ds a ows: fibr~ c0'0no..s. ition ~rowth sense. ~ . 
.,------- ... ­ ~'" 
Matrix lithology GrowthHost Fibre composition(dominant mineralogy) sense 
. ,M_ 
-
-
--
.-
""-l, 
quartz quartz 
Pyrite Iantitaxial 
carbonate quartz (:': carbonate) 
-l 
I 
.. 
.. 
quartz quartz-carbonate 
l-=-=====-~----" ...J _.­
syntaxial-Fossil -­
antitaxial­(cal-bonate) 
carbonate carbonate-quartz com posite 
~ 
-
-
..,\ _r ...... ----.~ 
quartz quartz-carbonate \r __________-+__________Jsyntaxial-
Dolomite 
antitaxia.l-I 
pebble 
carbonate carbonate (~. quartz composite 
--------+---------,---­
,--_.. _----- ,---
-=::=:1= :::==-l~ 
Rock quartz quartz-carbonateconst quartz ~__.___________----I yntaxial- I 
ituent ____ 
or 1 antitaXia.lJgrain ea.rb- b omposlte 
.___........o_n_.a_t_e_..J-_,-=nat~:=quarlz 

and appear to be deformed (often simply rotated) by subsequent 

increments of deformation. This figure (fig. 4.2) also demonstrates 

the scatter of fibre orientations out of the cleavage plane (see also 

fig. 4.16). 
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Fig. 4.26 '-"""hows that early extension directions have ste,,}) 
plunge SE, in subsequp t " ~n mcrements of deformat ion rotating thro~:,~h 
gentle plunge E) subhorizonta1 NE , to gentle plunge SW. Long straight 
sections of curved fib (" d" " )res In 1cahng most growth have steep plunge 
SE, and gentle plunge SW. Common.1y (see f'19. 4.1 ) the curved 
• 0 vC t"lons 1S very sort, often asection of fibre joining these two straiiJht se. h 
arp right angle, and indicates, as far as grain gTo'wth is concerned, c. 
relatively sudden change in orientation of the increnlental extension 
direction. Many hosts do not have curved growths but have two sets 0:: 
pressure shadows, one steeply plunging SE, the other gently SW. 'These 
may not be contemporaneous, but may reflect this change in incremental 
stress field orientation, wi.th the later growth not continuous on the earli.:~~ I 
but commencing at a new site on the host. 

Presumably at these relatively high crustal levels, the 

translational component of deformation displaced rocks upwards (not 

do\~mwards) so that early extension directed steeply up\vards to NW was 

follovled by extension gently upwards to Vi and subhori zontal to SW. 

This late SW _NE extension is subparallel to the trend of the Aar Massif 

and may be related to longitudinal stretching during doming, or 

arcuation of the Alpine chain" If the doming is later than the main 
Alpine deformation (i.e. post-DIe) this may account for the gentle SW 
plunge of what would have been an originally subhorizontal SW _NE lineation. 
Alternatively, early deformation may have caused upward north-westerly 
,,' f t11e rock body into a region of SW_NE directed extension.1trans a~lon 0 
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These results compare favourably with those of DURNEY 
(1972b fig. 115). 
4.3.3. Deforme§. Obj e£E-s 
4.3.3.1 Ooids 
Only one small locality of oolite has been found by the author 
which occurs as a calcareous phyllite horizon in MaIm limestone) 011 
the ridge north of Borlini (map reL 6177 1334: see section 2.2,13). 
Though relatively distant from other localities of strain determinations, 
the ooids of this locality provide an interesting comparison as a strain 
indicat or. 
The specimen from this locality (no. 484) is from the 
southern (normal) limb of a major anticline. Bedding (which is difficult 
to discern precisely) lies within 50 of Slc (SIC at 24.092 0 ). Indi vidual 
ooids (fig. 4.4) are generally 1-1. 5 mm in length and comprise a nucleus 
usually of rnicrite surrounded by a thin crystalline layer (from optical 
determinat.ions probably siderite) in tun) surrounded by chlorite The0 
siderite layer is generally intact, but most chlorite layers show relict 
concentric I growth! bands truncated by pres sure solution seams. The 
shape of the external surface of the nucleus (the internal surface of the 
siderite layer) was uSt:;d for l"{/J?f determinations. Ooids in contact with 
one another or with irregular s,,!rfaces \'v'ere/not used. Rf/';i scatter 
diagrams for this specimen are IShown in fig. 4~20. Best visual fit Rs 
and Ri values are shown for each graph. 
'I' I 
20 o 20 20 20 20 o 20 

Fig. 4.20 Rf /J6 scatter diagram for MaIm ooids: specimen 484. 

Although their initial shape was expected to be subspherical 
(and therefore their final shape would show the finite deformation 
ellipsoid) it is clear from the scatter of plots that these ooids had a 
relatively large initial shape range. This may have given a sedimentary 
or diagenetic preferred orientation. The long (Xi) and intermediate 
(yi) axes would most probably lie with random orientation in the 
bedding plane, and the short axis (2 i ) would lie normal to the bedding 
plane. The R/fl5 diagrams may reflect an initial preferred orientation 
since sections normal to the cleavage plane (approximately normal to 
the bedding plane) show the largest R. values (since these sections 
, 1 
include X. 2. sections of initial shape). Such a preferred orientation 
1 1 
would make incorrect the assum..ption of random orientation necessary 
for this R/% technique at least in sections 484A and 484B but possibly 
also in section 484C, and would mean that the finite strain ratios are a 
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product of the true finite strain ratio and an initial fabric. Althol:g;~ 
TAN (1976 p. 161) has shown from undeformed specirr:ens that. 
ferruginous ooids with initial axial ratl"os up to ?" _: 1 may have rando!1i 
orientation in the rocks, he also points out that these ooi ds occu· in a \'\',s'.l 
cemented calcareous matrix which probably suffered little diagenbtic 
cornpaction unlike ooids in a poorly. cemented clay IT.,;."2.~rlX . 
Owing to the small size of the hand specimen, and weak 

lineation of ooid long axes on the cleavage plane, the sections 484A and 

E> \'.:cre inaccurately prepa.red, being normal to the cleavage pla'"le but 

" 1 1? 0 0respectlve y r... and 17 from the subsequently determined mean 

interm ediate and long ooid axes (see also inset fig. 4.20). This 

inaccuracy may also be reflected in the poor correlation of the strain 

ratios into 3-dimensional data. The best correlating 3-dimen~;ional 

finite str n rati.o and its divergence from the 2-dimcnsional data are 

shown in table 4.6 (section 4a4). As a strain estimate this can be 
!"(:garded as a minimum value since the ooid cores appear to be relatively 
competent materials (see also e.g. TAN 1974, 1976). 
The shape of the finite strain ellipsoid as shown in fig. 4.27 
IS close to the line 1<:: = 1 (FLINN 1962) and indicates a weakly flattening 
nearly pL:>.ne-strain type of deformation. TAN (1969, 1976) suggests the 
ferruginous ooids under his investigation probably suffered very little 
YIllume cb.ange since their formation. The ooids being investi.gated in 
~",C.co'.lnt occur in a calcareouS phyllite which may have 
thE'! present ~. '­
d " t" c C oIupaction .and volume los s during tectonic 
suffered some lagene 1 ' 
-112= 
deformation b t 't 
, u 1 
Ii ~ 
seems unlikely that t'he competent ooids 
(and especially the ooid cores) would have suffered E'iny great 
volume loss. The deformation of th ... 
e ma~nx may well have been of a 
more strongly flattening type Hlan . .' d d . . , 
, IS recor. e In these 0010.5. 
4.3.3.2. Faecal J?J'J.1 ets, 
Faecal pellets are genera11y not spherical in initial 8h"pe 
but dDid, with axial ratios usually less than 4: 1 (see e,G,
b 
BATHURST 1971). Their smoothly rounded outlines allo\<7 them to be 
approximated to ellipsoid. An initial random orientation of these 
ellipsoids in the undeformed sediment can be assumed with some 
confidence, since they are generally preserved only in quietly lain 
sediments. Any sedimentary process tending to produce sorting or 
alignment in bedding would also tend to destroy these fragile objects. 
Faecal pellets with large initial axial ratios (or cylindrical shape) 
may tend to develop a sedimentary preferred orientation on settlinJ 
from suspension. To be preserved they are generally lithificd, without 
compaction, in a short period.. 1£ compaction occurs their outlines 
are destroyed and the sedirl1ent reverts to mud. 
Faecal pellets about 0.1 x 0.05 mm diameter have been 
found in several specimens of massive Triassic dolomitic limestone 
· 4 5) The rock is composed almost entirely of recrystallized( fsee 19 • •.• 
micrite but the outlines of the faecal pellets are preserved by remaining 
. 1 It';8 possible that the animals producing these 
dark? organic matena • ... 
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pellets were grazing on material which forms the matrix of the 
sediments. The ductility cont rast during deformation between the 
faecal pellets and their matrix is likely to have been very low. 
The specimen (no, 45A) discussed here is from the 
overturned northern limb of a medium scale D anticline from map
lc 
reference 6212 1350. The IT-diagram for this fold is shown in 
fig. 4.15. The bedding orientation is 85.0530 and is clearly defined 
in hand specimen and thin section by thin laminations outside the layers 
of faecal pellets. Only one section has been prepared, to which the 
b(;.dding/cleava.ge intersection is normal (see inset fig. 4.21). This 
single large thin section also contains a hori.zon of micrite intraclasts 
(specimen no. 45B - see section 4.3.3.3) which have been used for 
quantitative strain analysis, providing a very close comparison of these 
two types of strain marker (see also section 4.4). The Rf/~ diagram 
(fig. 4.21) shows that most faecal pellets had initial axial ratios less 
than 2.5 : 1 
Unfortunately this lithology does not develop SIc slaty 
cleavage, and the coarse fracture cleavage shows considerable 
fluctuation (from about 53.0670 to 27.1050 ). The XY plane of the finite 
strain ellipsoid (if assumed to correspond with the plane of slaty 
cleavage) is therefore not determinable from the orientation of a slaty 
cleavage in the specimen, but the Rf/xf diagram (fig. 4.21) shows that 
the range of values of fracture cleavage trace is almost symmetrically 
disposed about the mean value of jz5. 
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Fig. 4.21. R/y5 diagram' for Trias specimen 45. 	A) faecal pellets 

B) intraclasts 

The finite strain ratio of 1.9 :::. 0.1 (see table 4.6) 
obtained for this section is based only on this 2-dimensiona1 set of data. 
The error estimate is only a measure of the range of Rf;J:> curves 
which fit these data (visual best fit). In the 3-dimensional context 
the plane of this section may represent the XZ section of the finite 
strain ellipsoid, assuming that the cleavage plane may be the XY plane, 
and the normal to the plane of section is the Y-direction. As 
suggested by the random initial fabric and the low ductility contrast 
with the matrix, these data probably give a true estimate of the finite 
strain. The extension direction indicated by the mean value ofP does 
not lie parallel to the axial plane of the fold, but appears to parallel the 
moderately inclined fz;:acture cleavage in this part of the fold. The 
fracture cleavage forms a convergent fan over the whole anticline. 
The detailed construction of dip isogons shows the style of this fold to be 
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class IB (to IA and Ie) of RAMSAY (1967): see also table 4.2. A 
detailed analysis over this fold using faecal pellets as finite strain in­
dicators would be possible, and would indicate the strain sta"btthrough 
this competent horizon, possibly throwing light on the mechanism of 
fold formation. 
4.3.3.3 Intraclasts 
The Tri:"lssic Dolomitic Limestone formation incorporates 
large numbers of micrite intraclasts at many horizons, and in both 
slaty and massive horizons. The intraclasts (fig. 2.20) range generally 
from 0.5 to 15 mm in length, and vary from well-rounded to angular in 
sl.ape. VIell-rounded intraclasts can be approxima.ted to ellipsoids. 
Markedly angular intraclasts were not used for finite strain determinations. 
Rectangular sections occur rarely and may show a bedding trace parallel 
to their long sides, indicating a strong mechanical determination of 
the initial shape, and the possibility of a large initial sha.pe ratio and a 
sedimentary preferred orientation. Some samples (not investigated in 
detail, but compare no. 45B) where both the bedding trace and cleavage 
trace are clearly visible, show intraclast long axes not parallel to the 
cleava.ge trace) which (DUNNET and SIDDANS 1971) indicates a 
sedimentary or diagenetic preferred orientation. The possibility and 
significance of such an initial fabric is discussed for individual samples. 
The ductility contrast between the micrite intraclasts and 
their micrite matrix is likely to be low, although small pressure shadow 
growths are occasionally developed on intraclasts and the cleavage 
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SIc is slightly deflected round them (fig. 2.20). 
S· .peClmen 45B occurs in massive Triassic dolomitic 
limestone while all other specimens are f rom horizons of slaty 
Triassic dolomitic limestone. 
~ecimen 4§...B is a single section from the overturned northern limb 
of a medium scale D1c anticline (map reference 6212 1350; see inset 
fig. 4.21) and is from the same thin section as specimen 4SA 
(section 4 Q 3.3.2). Bedding is as described for specimen 45A (85.0530 ). 
That rnany angular intraclasts occur in this rock has a bearing on the poor 
quality of the results. Assuming the intraclasts initially had random 
orientation, the R/0 diagram (fig. 4.21) shows that most intraclasts 
had initial axial ratios less than 3 : 1. The considerable scatter of 
plots (in com}?arison with the data for faecal pellets in specimen 4SA ) 
made the mean value of jO difficult to estimate and a180 the value of R )
s 
since several R/:er curves appear to fit these data. The R value of 
. 8 
1.9 ~ 0.2 (see table 4.6) obtained here by the use of DUNNET's (1969) 
technique has an error estimate of the range of Rf/,.0"'curves which fit 
these data (visual best fit). The mean value of .0'for these intraclasts 
shown in fig. 4. 2J. is not parallel to that for faecal pellets, and the 
range of values of fracture cleavage trace is not symmetrically disposed 
about it This mean value of XI for intraclasts lies between the beddingc 
Itrace and the maximum extension direction as implied by mean f?f of I
, 
faecal pellets, indicating that a sedimentary or diagenetic preferred ,I 
I 
\ I 
orientation probably existed with intraclast initial long axes close to t I 
! 
I
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bedding. Thi.s implies that Ri and R s values determined by this Rdo 
technique a~'re inaccurat e, and a. technique such as that proposed by 
DUNNET and SIDDANS (1971) should be used for a more accurate 
analysis. 
In the 3-dimensional context, the plane of this section 
appc~ars to represent the YfZf plane (the intraclast long axes being 
pill"<l.l1el to the bedding/cleavage intersection) but may be the XZ section 
of strt.:,i I~llip~;oicl (see discussion of specimen 382 and sectioD 
The competency contrast between micrite intraclasts and 
mi to m;'trix is likely to be low, but probably not as low as for faecal 
Hets. Despite the absence of pressure shadow growths and of SIc 
cleavage, the relative competence of the intraclasts is indicated 
unu::O)1.!<.1.11y strong defromation of faecal pellets immediately surrounding 
intrac1asts. The faecal pellets may be small enough to allow their use 
n (jar-kers in an anal ysis of the distribution of strain in the 
surrounding a deformed intraclast.mat 
~.J2.£1L.2l!f. comes from the hinge area of the medium scale Dlc a.nti­
eli fron: \vhich specimen 45 was taken (map ref. 6212 1350, 1f -diagram 
~ 4.15, 1 ation diagram inset fig. 4.22). In this region intraclast 
long aX(:S have gentle plunge SW parallel to the fold hinge line, in 
to :;trongly deformed fold limbs where intraclast long axes 
COl 
y to SE (eg. specimen 59). The bedding orientation in 
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Fig. 4.22 Rf/y5 diagram for Trias intraclasts: specimen 382. 
specimen 382 is about 20.1400 , but is not visible in hand specimen or 
thin section. The hinge area of this upright fold was sam.pled in the 
assumption that it suffered irrotational deformation. 
Assuming that the intraclasts had inLtial random orientation, 
the R f /}2f diagram (fig. 4.22) shows that most initial axial ratios were 
less than about 2 : 1. Visual best fit R/;6 curves give finite strain 
ratios as shown on individual graphs. The best 3-dimensional correlation 
of the 2-dimensional data is shown in table 4.6, giving apparently a 
strongly constrictional deformation plot (fig. 4.27). This ratio, 
however has the finite X diraction parallel to the length of the intra­
, s 
clasts, with gentle plunge SW. Unless explained by the arcuate shape of the 
Alpine mountain chain, or doming of the Aar Massif, such subhorizontal 
extension would seem improbable for large rock volumes, (in the 
Swiss sect.or' of the Alps thrusts and fol ds imply that the major rock 
translations were directed upwards and to the NW). It seems that the 
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presence of a sedimentary preferred orientation of intraclasts is 
likely (with long and intermediate initial axes lying in bedding) 
giving a final shape fabric as discussed by RAMSAY (1967 p.220). 
The presence of such a planar initial fabric is also indicated by the 
results of specimen 45, but cannot be detected by asymmetry of 
Rf/0 diagrams where initial shape axes are parallel to principal 
strain axes (as may occur in fold hinge areas: see also DUNNET and 
SIDDANS 1971 p. 316). It i.s also interesting to note that sections 
pe:cpendicula.r to bedding (382A and B) show the greatest variation of 
R. (these sect; ons presumably contain XiZi intraclast sections) whereas 
1 
the bedding plane section (382C) shows a lower variation of Ri (comprising 
Xi Y i intraclast sections which may also have had random orientation 
on the bedding plane). The finite strain ratio shown in table 4.6 is 
therefore probably the product of the true finite strain ratio and the 
initia1 shape fabric, though the bedding plane section (382C) may 
indicate a true strain ratio. 
Specim(,n 3818 was taken from the subvertical southern limb of the
---,---,-..".'-'~-
same D anticline from which specimen 382 was taken. This shows 
Ie 
the cl::>avage plane section to have near random orientation of final 
ellipses with axial ratios generally less than 3 : 1 (fig. 4.23). The 
bedding plane is within a few degrees of the cleavage plane and must 
t t · 1 s+rain about the fol d axis (see sectionhave undergone some TO a lOna v • 
Compared with the strong preferred orientation (gentle 
cleavage plane section of specimen 382A,)
. lunr:rc SW shown by theP ~> 
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this represents a transition to the strong preferred orientation with 
steep plunge SE shown by the cleavage plane section of specimen 59B. 
Specimen 59 comes from the northern limb of a medium scale D 
. Ie 
anticline (map ref. 6217 1355) which appears t~ be strongly deformed 
in the core of the major Fa1dumrothorn syncline. Intraclast long axes 
tare steep plunge SE in the cleavage plane in contrast to specimen 382. 
The bedding orientation in specimen 59 is subparallel to the cleavage 
plane (S at 71.0540 ) but is not visible in hand specimen or thin section. 
Ie 
Bedding has undergone some rotational strain about the fold axis during 
fold formation (see section 4.4). 
Assuming initial random orientation of intraclasts, the 
R f /r;;1 diagram (fig'. 4.24) shows initial ratios almost all less than 
2 ... 5 : 1. Finite strain ratios are shown on individual graphs, and the 
3-dimensional finite strain ratio correlating well with the 2-dirnensional 
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data is shown in table 4.6 < This gives a near plane strain 
deformation plot on fig. 4.27. If, however, the presence of an 
initial sedimentary preferred orientation can be assumed from data 
already discussed, then the strain ratio shown in table 4.6 is the 
product of the true finite strain ratio and the initial shape fabric, 
and since bedding is sublnrallel to cleavage Z. is subparallel to Z 
, 1 - S , 
a.nd the strain ratios are likely to indicate too high a value of finite 
strain. The bedding plane section (approximately the cleavage plane 
section 59B) is the most likely to have had an initial random orientation 
of ellipses upholding the assumption of a tectonic origin of the steeply 
plunging SE lineation on this cleavage plane (assumed to be the XY 
section of the strain ellipsoid) with the Xs dire.ction steeply incli.ned 
to SE and Y s subhorizontal. 
4.3.3 .. 4 

Specimens of deformed ammonites (fig. 4.3) were only 
discovered at few localities, and mainly in coarse-grained calcareous 
sandstones or sandy limestones in which bedding is very poorly defined 
(being visible only on a macroscopic scale) and cleavage is somewhat 
irregular. These rocks yielded very poorly preserved fossils which 
c01J.1d not be extracted from the rock in situ The outlines of ammonites0. 
t cle ~lrly visible on weathered surfaces, so photographs of well­are m.os - -­
exposed cleavage plane surfaces were used here for analysis 
( ,.. t. h d \vith the camera lens normal to the cleavage plane) •pdO ograp e . 
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Ammonites were discovered in situ on major D fold limbs) and 
1c 
at all these localities bedding is within 50 _ 10° of the cleavage plane. 
Median sections of the ammonites appear to lie subparallel to the 
ele avage plane. 
Small inaccuracies ads e in the departure of photographe c1 
surfaces from median sections of the an-"monites, and in the uneven 
l"latL:re of the weathered surfaces. The effect of the cleavage plane 
being an oblique section; for thc! bedding plane and cleavage pl.ane 
attitudes here, would most likely be to give the correct length in the 
direction of the bedding/cleavage inters (;ction (gentle plunge SW) 
but a somewhat shortened apparent length at right angles to this 
direction. The obliquity of section would be slight (? negligible) 
8.5 it w01Jld otherwise be detectable in the pattern of the amm onite 
whorls. 
Furthermore; due to the effect of involution~ when using 
the exposed external surface of an ammonite shell, only the outer 
i.'l.rc of the last whorl (showing the keel) is the same spiral as in a 
me section. The line of join between successive whorls is not 
this same spiral. However, if the degree of involution for a specimen 
is constant the involution only has the effect of giving the spiral line 
of join botween ;3uccessi';re whorls a spiral angle which is slightly 
r (closer to 90°) tha.n the spiral angle on the median surface, 
arid should not affect the strain value calculated by using this line 
of jAmmonites 'used here have a Im,v degree of involution. 
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Most specimens show several complete \vhorls so that 
the pole is easily located, and several plots can be made for each 
specimen. 
The sediment inf.illing ammonite shells is generally 
similar to that comprising the rock matrix, and the ammonite walls 
are thin, implying a low ductility contrast with the matrix. However, 
the apparent closeness of the ammonites to the cleavage plane implies 
rotation out of the beddir..g plane. The difficulty of precisely locating 
t11.C bedding plane must be overcome in a closer examin2tion of the 
3-dimensional shape and orientation of the ammonites) to give a better 
understanding of the strain. The data obtained here for the two 
dimensions of the cleavage plane are shown in tabl e 4.5. Specimen 
plots used in strain determinations are shown in fig. 4.25. 
X-directions which have gentle plunge SW indicate extension 
• I
subparallel to the beddmg/ cleavage intersection . .Extension in this 
direction is demonstrated also by fibrous crystal growths and may be 
associated with doming of the Aar Massif or the arcuation of the 
Alpine chain. However, this direction may only be the finite extension 
direction. The possibility of rotational strain during fold development 
may have maint ained the tectonic Y-direction constant and parallel to 
the fold axis while relative to the X and Z axes the bedding and/or 
individual arnmonites rotated about this axis. This would have given 
a finite strain value in the tectonic X~direction (steeply inclined in the 
cle,;:.vage plane) less than expected and in the Z direction (normal to 
the cleavage plane) grectter than expected (see also section 4.4). 
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Table 4.5 Summary of Results of Strain Analysis Using Deformed Ammonites 
r-
I specimen 	 matrix ._\ 
formation curves \ A, I X : Y i (XY) plane X_ direction 
I best fit l, ~2 	) t finite s:ain lat:~Vage finitelInumber 
1 c 	 orientat ion orientation 
I 	 map ref. 1 range estimated range estimated mean 	 mean 
I ' C5.26 I Sinemurian I0.35··0.7 r-:.S-- 2.86 :! 2 : -~---r6o.o::-~I~,-l~ .2230 1 6203 1347 I 1 1. 43 : 1 II 
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..... 
f'.l I I 620S 1347 	 I I 1. 54 : 1 I I GG 
01­
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; I 6208 1347 I I ! 1 .. 54: 1 	 ! 
I CS.32 I Sin~murian 10.4 - 0.7 i 0.55 I 2.5,: 1 loS : 1 160.0590 14.23]° 
I 6208 1347 1 1.43: 11_ 	 ! 
I C6.62 Sinemurian 10.5 - 0.7 I 0.6 ! 2: 1 I 1. 7 : 1 \74.057 0 21.230° 
! 620S 1347 I I I 1.43: 1 I ! r:6.6~- Hettangian-Io.5-- 0. 65 1 0.55 II 2 : 1 I 1.8 : 1 1\60.;3;0 -, 5-6-~'1;6~---'-1c 
620S1347 IV I 1.54:1 I 	 I 
, ---I- 1 i 	 t--------l 
0I B7.56 I Toarcian 0.3, - 0.5 I 0.4 I 3.33: 1 I 2.5 : 1 \50 040 0 I 10.212° I 
~---'---1 6177 1347 __ _I I 2: 1, 	 i __
I C2 0 3 I Sin./Loth. 10.35 - 0.51 0.45 '2.86 : 1 \ 2.2! 1 	 , 
62.14 1353 I ! 2: 1 ~ __1 unknown; 	 II 
3 Sin./Loth. 0.75 - 0.91 0.8 'I' 1.33 ~ 1 I 1.3 : 1 It" "L 	 I 
6210 1349 	 i 1.11 : 1 ! no lD ShU , I 
t: DI ~~-Pli~nS/Toarc I~.5 - 0.7 I 0.6 r" 1.i3~1 1.7 : 1 I 	 ~ .. 
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Typical graphs obtained in strain analysis using 
deformed ammonites. 
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4.4 
Specimen C6. 64 shows an extension direction with 
moderate to ~'teep pI SE 
.::> unge" and is the only specimen from rock 
of markedly different ductility: from ductile Hettangian phyllites. 
SUMMARY AN:!? COMPARISON BASElvIENT/COVER
-----_._._-,,--,-_.-----­
A general analysis of structures shows the correlation given 
In table 3.1 between the Alpine deformation 0': basement rocks and of 
cover rocks. The main features of the several phases of deformation 
arc surnmarized in fig. 3.7. Fold styles can be compared using tabl es 
In comparing styles of the main Alpine deformation D /0 
4b Ie 
it should be remembered that while the cover rocks form a stack of 
fairly uniform individual layers) albeit of difBring compositions, the 
basement rocks comprise a more complex geometric arrangement of 
gneisses> migmatites) cross-cutting intrusives, and layered meta­
secUmcllts. Irregular competent members in the basement (such as 
the foliated granite intrusives) may produce irregular stress distributions 
in the surrounding rocks 0 The large scale difference between the 
basement and cover as two individual rock units is seen in the shape 
of the basement!cover junction. Downward pointing cusp folds (the 
tieht Faldl1rnrothorn syncline and broad Laucherspitzen and Niwen 
anticlines) reflect the greater viscosity of the basement (see also 
RAMSAY 1967 p. 383). 
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Compared with cover rock formations, in the basement, 
the abs ence at medium to large scale of several regularly spaced 
horizons of markedly different ductility (except for the Carboniferous 
phyllites) and the occurrence of strong deformation (Hercynian + 
Alpine) is probably responsible for the approximately similar style of 
many folds at this scale (small scale gneissic banding does develop 
variation in fold style between competent quartzo-feldspathic bands 
and inColnpetent mafic, especially chloritic bands). The basement has, 
however> not suffered homogeneous deformation since the basement 
surface is folded, with fold wavelengths of about 2 km and amplitudes 
of about 1km (implying LC1homogcneous deformation to depths considerably 
belov", the area under investigation). This buckle folding of the basement 
surface is likely to have continued through deformation since it is 
probable that some ductility contrast between basement and cover will 
have pen-;isted, despite the possibly early expulsion of pore water from 
cover rocks. This suggests that this large scale hetereogeneous 
deformation of the basement surface will have continued to the present 
fold amplitudes, and was not :replaced, after an early stage of folding, 
by a homoi:\eneous deformation producing tightening and increasing 
amplitudes of an early folded surface. Being heterogeneously deformed 
on such a large scale, small areas may approximate to having suffered 
homogeneous deformation. 
Fibrous crystals grown in the plane of S /S indicate4b Ic 
extension in most directions \V-itlLin this plane, Boudins discontinuous 
i' 
,i 
----~-------------------~_m____~-.. 

Fig. 4.26 Stereographic projection of 
variation in ori.entation of individual 
curved pressure shadow fibres. 
o basement fibres 

cover fibres 

along their length, and pinch-and-swell structures occurring as 
lenticular pods in 3-dimensions also indicate such deformation. 
But the occurrence of curved fibres in both basement and Cover rocks 
indicates the re-oriantation of the stress field (fig. 4.26) which may 
account for the various orientations of fibres and pinch-and-swell 
structures without requiring a flattening type deformation to explain 
, I 
these structures. The growth sens: of curved fibres shows that the 
early D4b/D1c extension direction had steep plunge SE, and allowed 
considerable fibre growth. The extension direction later rotated 
to gentle plunge E and subhorizontal NE with little growth occurring, 
and finally to gentle plunge SW with greater fibne growth. As discussed 
in section 4.3.2. this later e:xtension direction may reflect doming of 
the Aar Massif, arcuation of the Alpine chain, or earlier upward 
north-westerly translation of the rock body into a domain of SW-NE 
directed extension. 
Analysis of deformed objects suffers from the possible 
presence of initial sedimentary or diagenetic preferred orientations. 
Only faecal pellets appear to have had no such initial fabric, and are also 
useful strain markers in having a low ductility contrast with their 
matrix. Specimens 45B and 382 show that micrite intraclasts had an 
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initial preferred orientation, probably parallel to bedding. Ooids 
(section 4.3.3.1) and Carboniferous pebbles (section 4.2.3) may 
have had an initial preferred orientation and are less ductile tha.n 
their matrix. Also ammonites (section 4.3.3.4) may have lain 
originally with preferred orientation the bedding plane. 
The results of strain analysis of deformed ammonites, 
by the technique of TAN (1973) are shown in table 4.5. The res ults of 
strain analysis of other deformed objects, hy the technique of 
DUNNET (1969) are shown in table 4.6. Table 4.6 shows the 
3-dimensional finite strain ratios best correlating \vith the 2-dimensional 
data, though the ratios for micrite intraclasts (specimens 45B, 382 and 
59) are probably products of their initial fabric and the true finitG 
strain. Basement/cover deformation is best compared between 
specimens 218 and 59 \vhich are from relatively close localities, 
with similar structural relationships (from strongly deformed areas, 
and from the southern limbs of tight to isoclinal synclines with 
bedding subparallel to S4b/Slc). The pebble~ of the Carboniferous 
specimen Vlere also involved in D2b late-Hercynian deformation, but 
show a, lower finite strain ratio, and probably had a higher ductility 
contrast with their matrix than the Triassic micrite intraclasts. 
Fig. 4.27 shows the finite strain deformation plot, 'but 
some of the variation between fold hinge areas (sp. 382) and fold 
limbs (sp. 218, 484, 59) may be due to the effect of an initial preferred 
oriNltat ion rather than difference in deformation. As bedding changes 
ir+,(",.. 11'/!i~')r1 °rn.)~"C cL6 ~rlnr~' of rl.~~u1ts c,r r:t:r~;.ln SIS llsin:; deformed je,~s ,e."cJ.~Q~'-6 arnmOlU.c,S • 
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Fig. 4.27 Finite constriction 
deform ation plot for the 
calculated 3-dimensional 2 382 
finite s train ratios of the x .59 
four sam shown in y 
table 4.6. 
.218 
1101t.ning 
1.5 y 
z 
orientation relative to cleava~, so apparently does the lineation of 
intracl'ls t. aXCt~ ~ from gentle to SW in the hinge area (sp. 382) 
to randcn'f'l on the dli (,Sp,,381) to steep to SE on the steeply 
inclined st form cd fold limb (sp. 59). Further work would 
be required to e tablish details of the initial fabrics in a clearer 
understand!nt: the sh-ain. The compact ooids are unlikely to have 
suife z-ed s during deformation. Micrite intraclasts may 
have su ion of pore water and carbonate loss by pressure 
soluU()n.. Carboniferous quartzitic pebbles may have suffered slight 
pres~ure solution. 
rln(.H"E: f'll nee there is a ductility contrast between 
quart:l:i ) intraclasts, and possibly ammonites, and 
their re tive matrix materials) a component of 'rigid body r rotation 
during possible Q Rotational strain during buckle folding 
ma.y af!t!ct(;ld some samples. Rotation is generally about 
'I.t!~ ~tr"'lt:ls which ma.y rema.in constant in oriemation 
eeL The inc:rern~ntal X and Z a,."(es rotate as theto 
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objects rotate so that if the competent object is deforming (not pure 
rigid body rotation) and if there is an ori ginal fabric parallel to 
bedding (which is often parallel to the intermediate axis) or if the 
deformation is flattening type, then the final de~orm.ed shape may have 
its long axis parallel to the intermediate stress axis, with finite strain 
in the tectonic X-direction less than expected and in the Z-direction 
greater than expected. Analysis of a strain marker ,such as faecal 
pellets with no ductility contrast with its matrix and no initial preferred 
orientation, would be useful for a closer investigation of the strain. 
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5. THE METAMORPHIC STATE OF PHYLlJTES 
5.1 	 INTRODUCTION 
Within the area of research, dark coloured phyllites, composed 
largely of phyllosilicate minerals, occur widely and in formations 
coinciding with the time periods represented in the area of Carboniferous ~ 
Rhaetian, Hettangian, Aalenian and Bathonian. Fairly simple techniques 
of X-ray analysis of such rocks, yield useful quantitative information 
on mineralogy and on the state of diagenesis or low ~rade metamorphism s 
and work of this nature was undertaken during a short stay at Bern 
University. 
X-ray diffraction provided information on identification of 
minerals J and relative proportions of m.inerals in each specimen. 
Stability fields of certain minerals indicate possible temperature ranges 
for this 	area. Measurement of illite crystallinity was possible giving 
another 	index of the grade of Alpine metamorphisn:' and the b Ovalue 
(calculated from the atomic spacing d (060») of potassic white micas in 
special 	assemblages, is used as a barometric index. 
5.2 	 FIELDWORK 
Collection of hand specimens (see fig. 5.1) was guided by two 
lines of approach: ... 
1. Broad areal distribution seemed advisable, i;o. order to cover the 
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" 
five formations listed above, and possibly indicate any regional 
variations in the several features under investigation. 
2. 	Sampling over a well exposed profile of an individual formation 
might detect variations with stratigraphic position. 
Time limitations allowed the use of only 52 samples (data for 
12 of these kindly supplied by Dr. M. Fre;1. Since high illite content 
was desirable for the main purpose of the study (i. e. high phyllosilicate 
content as far as field sampling was concerned) calcareous or sandy 
horizons were generally omiited. Unaltered specimens were readily 
obtainable owing to the cold climate (most of the ground is under 
snow for six months of the year) and the relatively fast rate of erosion. 
A small exposure of protomylonite or cataclasite, occasionally graphitic, 
occurs in Altkristallin basement rocks on Faldumgrat, and this locality 
was sampled in addition to the main pelitic formations from 
Carboniferous to Bathonian. 
5.3 SAMPLE PREPARATION 
5.3.1 Powder Preparation. After brushing with a wire brush to remove 
weathered material, each sample was broken into chips J and ground for 
30 secs. in a steel mill. Individual powder samples were divided into 
two groups for separate analysis:­
L For whole rock analysis - for general minerology. 
2. 	For separation of the <2p. fraction - for work on phyllosilicates. 
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5.3.2. Rem.oval of Carbonates. A portion of each sample of the group 
no. 2 above (to be used for separation of the 4 2p fraction) was tested 
for presence of carbonates, with 2N HCl) and if present 2N HCl was 
us ed to remove the carbonates from the whole sample. This simply 
and effectively refined the sample, giving greater proportion of 
phyllosilicate minerals. 
5.3.3. Separation of <.2r fraction took place in settling columns using 
slightly alkaline distilled water (O.OIN NH ).
4 
5.3.4. Slide Preparation (orientated specimens}. The.c. 2p. fraction 
samples for diffractometer use were prepared by sedimentation and air 
drying of part of the clay suspension onto glass slides (the remainder 
of the clay suspension being filtered, air-dried and stored for later use) • 
The whole rock samples for diffractometer use were prepared 

by sedimentation and air drying of distilled water suspensions, onto 

aluminium plates (for automatic use of the diffractometer). 

Only samples of the "2p. fraction were prepared (from dried 

powder) for use with a Guinier Camera. 

5.4 	 X-RAY ANALYSIS 
A Phillips X-r~y diffractometer with CuKe( radiation at 40kV 
and 22mA, was used for mineral identification (on whole rock and 
..::. 2p fraction samples), and .for illite crystallinity determinations (on 
<. 2p fraction samples). A Cuimer Camera was used with 4 2p 
fraction samples to determin~ d (060) of the micas. 
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5.5 MINERAL PHASES IDENTIFICATION 
Quartz is present in most samples, and generally the (100) 
peak at 4.26~ (20.860 2e) was used as an internal reference. The 
crystallinity of the phyllosilicate mineral constituents is good, that 
is to say the reflections are sharp and narrow J high count rates 
occurring over only a small angular range. Few difficulties were 
encountered, concerning overlap of peaks from different minerals 
occurring at sim.ilar diffraction angles. Examples of typical diffract­
ometer traces obtained, are given in fig. 5.2. 
5.5.1. Illite 
o 0 0 0 
Basal reflections at lOA, 5A, 3.3A and 2.48A (in some 
a 
samples the 2.48A reflection was not distinguishable) are here attributed 
to minerals called for convenience illite. These are between muscovite 
and illites, with the latter name used in the general senseof •illite group , 
(DEER,HOWIE and ZUSSMAN 1966, p. 26l) including phengite, illite ss. , 
and hydro-muscovite (see also DUNOYER DE SEGONZAC 1970 p.3l2). 
Chemical analyses have not been performed to allow more specific 
definition of these minerals. The crystallinity is generally good (see 
section 5.7) and 1(002 )/1 (001), after ESQUEVIN (1969) showing the 
AI/Mg ratio, indicates that these micas are phengites to muscovites 
o (see section 5.7). d(060) values of I.S0A suggest that these are 
dioctahedral illites. Only the modification 2M was found. 
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Fig 5.2. Typical -< 2p fraction diffractometer traces .491 Carboniferous; 445 Bathonian. 
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pa/ph = mixed-layer paragonite/phengite; qz = quartz. 	 j 
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5.5.2 	 Chlorite 
The first five basal 0reflections were obtained at 14A 0 
. 7 A, 

00' 

4.7A, 	3.53A, up to (005) t b 0a a out 2.83 - 2.84 A ( though not in every 
sample) . 
5.5.3 	 Mixed-Layer Paragonite!Phengite 
This mineral was described by FREY (1969b) from 
anchimetamorphosed shales and slates from the Glarus Alps. In the 
present work, only the two reflections at 4.90 Xand 3.25A were 
recognized. 
The low intensity of these peaks (due to low content of this 
mineral in the rock), and the proximity especially to the illite 5.0 ~ 
o 
peak, and also the illite 3. 3A peak often presented difficulties of 
identification. 
o 
The mixed-layer paragonite/phengite peak at 3.25 A was 
o 
stronger than its peak at 4.90 A. The former could usually be recognized 

o 

as a separate peak, while the 4.90 A was only recognizable as a shoulder 

o 

on the illite S.OA, or, in cases on the borderline of recognition, only 
a broadening of this peak. 
o 
The mixed-layer paragonite/phengite peak at 3.25,A coincides 
with the K-feldspar (002) peak. The presence of mixed-layer . 
paragonite!phengite was confirmed where there was an absence of other 
K-!eldspar reflections and occurrence of the mixed-layer paragonite/ 
o 
phengite 4.90A peak. 
. I 
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Where weak peak intensities made such identification 
difficult, the presence of mixed-layer paragonite/phengite was 
indicated by muscovite/illite d(060) values (see section 5.9.1). 
Specimens with mixed-layer paragonite/phengite identified on diffract­
ometer traces, lie in a narrow range of low d(060) values (see fig. 5.9) 
and it is assumed that the other specimens in this range also contain 
this mineral. The remaining specimens lie in a group outside this 
o 
range, and those with a diffractometer peak at 3.25 A are assumed to 
contain K-feldspar not mixed-layer paragonite/phengite. Assuming 
that equilibrium conditions pertained, which is likely in these fine grained 
rocks, paragonite (and therefore also. mixed-layer paragonite/phengite) 
is incompatible with K-fe1dspar, the assemblage muscovite-albite being 
preferred (see fig. 5.9, and ZEN, 1960). 
5.5.4 	 Paragonite 
A few samples contain small amounts of paragonite, poorly 
o 	 0 0 
shown by the first three basal reflections at 9.6A, 4.8A and 3.2A. The 
o 
3.2 A peak appeared to be the strongest although it coincided with a weak 
o 
non-bas al reflection of illite. The 4.8 A reflection is the most diagnostic, 
o 0 
but lies between the illite 5.0 A and chlorite 4.7 A reflections. It was 
weak and often only formed a plateau between these stronger reflections • 
.. 
o 0 
The 9.6 A reflection occurred as a shoulder on the illite 10 A reflection. 
d (060) values were also used as an aid to identification of 
paragonite (see section 5. 9 .1) • 
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no identifiable quartz reflections. In the 
o 
, the 4.26A reflection was identifiable in all cases, and 
{'\ 
A rf!'flection partly overlapped the illite 3. 33 ~ reflection. 
• .. 6. 
A r:able from several reflections (notably 
() o ( ) at 6.1/\ ) ,,~t 3.2 A ), but peaks were weak in intensity. 
were identifiable with any certainty. The 
o 
) 3 .. 25A peak, coincides with a mixed-layer 
t and wasalways only weakly developed. Mica 
identification of these two minerals 
:;.5 .. 3). A qualitative interpretation of this peak was also 
, narrow peak would seem to indicate good 
detrital K-feldspar, whereas a broader 
p(')orer crystallinity, might indicate newly-forming 
dolomite were identified by strong reflections at 
~ 'respectively, with minor reflections also present. 
possibly for goethite, ilmenite and pyrite, at 
X;r't'lloi!u::tlvely, were obtained in a few cases. 
~ 
Pyri te is certainl y present in other hand specimens not used in this 
study. In some specimens graphite was observed in settling columns 
during sample preparation, although it was not identified on 
diffractometer traces (the 3.35 Areflection is masked by quartz). 
Chemical analyses (see section 5.6.3.) and electrical conductivity tests 
(see Appendix 1) also indicate the presence of graphite. 
5.6 	 PETROGRAPHY 
5.6.1. 	 Assemblages 
These assemblages are grouped to show the variation in 
occurrence of significant rock constituents. The major rock constituents 
illite, chbrite and quartz vary little; all specimens have illite, only 3 
show no chlorite and 1 no quartz. Where they occur, albite and 
mixed-layer paragonite/phengite form smaller proportions of the rock, 
but have not been identified together in the same specimen. Carbonates 
are significant constituents in some rocks, and are found in a total of 
12 	samples. 
The common mineral assemblages present out of the 52 samples 
are:­
1. 	 Illite + chlorite + mixed-layer paragoni te/phengite ± paragonite! 
carbonates 1: quartz. 

27 specimens. 

2. 	Illite + chlorite + albite + quartz 
13 specimens. 
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3. 	 Illite + chlorite t carbonates + quartz 
12 specimens. 
In assemblage 1 mixed-layer paragonite/phengite was identified 
by diffractometer trace in 18 specimens I and indicated by d (060) values 
in a further 9 specim.ens (see section 5.5.3). 
Some of the samples of assemblages 2 and 3 contain minor 
amounts of K-feldspar.. These are largely Carboniferous or Rhaetian 
samples and the K-feldspar may well be detrital, the source area being 
unavailable to later deposits. 
For 	fuller details see Appendix 2. 
5.6.2 Phyllosilicate Abundances 
The intensities of certain peaks of the ..(, 2f1 fraction analys es 
are used as rough quantitative measurements of relative proportions 
of the phyllosilicate components. 
The ratio of illite to chlorite is obtained from the ratio of the 
intensity of the (002) illite· 2M peak to tx intensity of the chlorite 
(002) peak, i.e. the ratio: 
o 0 
I illite lOA: t I chlorite 7 A 
the data are presented as percentages in fig. 5.3. 
Data which are obtainable from whole rock diffractometer 
traces for these peaks compare favourably, giving relative abundance 
values eli ifering genera1iy by less than 4% absolute value of abundance. 
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OIn the few samples where the illite 3 A
.3 reflection is 
measurable and separate from the strong quartz 3.35 Xreflection
, 
the intensity ratio of illite 3.3~ to chlorite 3.5~ gives similar 
results. 
The intensity of the mixed-layer paragonite/phengite peak at 

o 

3.25 A is used in the ratio: 
o 0 
I illite lOA: tI chlorite 7A : I paragonite/phengite 3.2SX. 
The results are shown in fig. 5.4 for specimens with mixed-layer 
paragonite/phengite identified from diffractometer readings alone, and 
for the other specimens which have mixed-layer paragonite/phengite suggested 
by d(060) values (see section 5.5.3). 
A very low content of a particular phyllosilicate mineral gives a 
small peak J and therefore a large error in measurement. 
It is interesting to note that the cataclastic basement rocks have 
relatively high chlorite content (see fig. 5.3) and lie in a group quite 
separate from the Carboniferous rocks. This criterion therefore seems 
useful to distinguish this body of rocks, which are found well away from 
the Carboniferous outcrops (see fig. 5.1). From fig. 5.4 it can be seen 
that different stratigraphic levels for which data are given, have no 
particularly significant characteristies of phyllosilicate mineral content. 
Furthermore, where the presence of mixed-layer paragonite/phengite 
is suggested by low d(060) values, these samples may contain just as 
much of this mineral as samples where it is readily identifiable from 
diffractometer traces; the initial confusion (see section 5.5.3) arising 
o 
from poor definition of the other reflection for this mineral at 4.90 A • 
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Fig. 5.3. Histograms of the relative 
abundance of illite to chlorite in the <: 2Jl 
fraction samples, given for individual 
formations and the total. 
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mixed -Ioyer 
paragonitel phengite 
(A) 
(HI 
illites
chlorite 
Fig. 5.4. Phyllosilicate abundances. Relative proportions of iUite : 
chlorite: mixed-layer paragonite/phengite, for the 27l samples which 
contain these minerals. 
Abbreviations: R =Rhaetian; H =Hettangian; A =Aalenian; 
B = 	Bathonian. 
R: 	 indicates sample cont ains mixed-layer paragonite/phengite identified 
from diffractometer trace. 
(R): indicates sample with this mineral indicated by low d (060) values 
(see section 5.3). 
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5.6.3 Chemical Analyses 
In order to supplement information obtained from X-ray 
analyses, two rocks were kindly analysed chemically under the 
supervision of Professor T. Hugi, in the University of Bern 
Geochemistry Laboratory. The results are shown in table 5.1, and 
details of the X-JaY analyses can be found in Appendix 2. 
One specimen is Carboniferous, and the other Aalenian. These 
were chosen to represent the two main assemblages present (assemblages 
2 and 1 of section 5.6.1 respectively), and to determine the carbon-content 
of the Carboniferous rocks (see also Appendix 1). 
Low Fe + Mg (especially in the Aalenian specimen 442) and the 
somewhat high K20 would correlate with large amounts of muscovite 
and illite relative to chlorite, and presence of K-feldspar in 399. 
Carbon content was calculated by two methods:­
1. as the difference obtained by total loss of ignition minus the found 
+ nooc 2 
values for H20 (taking into account the change from Fe + to 
3+ d " . "to ) N CO f dF e urIng Ignl Ion. 0 2 was oun·. 
2. C and H were also analyzed by the Organisch-Chemisches Mikrolabor 
ETR-Zurich by means of a CHN-Analyzer Mod. 240 Perkin-Elmer. 
The C-values do not differ much between these two methods, and the 
high C-content of the Carboniferous specimen 399 is clear. 
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Table. 5.1 Chemical analyses f C b .L 	 . 0 a ar omferous sample (399) from 
aucherspltzen) and an Aalenian sample (442) from Galm. 
Wt. % 399 442 
Si02 53.0 71.1 
Al 02 3 22.1 17.2 
Fe 0 
2 3 2.1 0.7 
FeO 1.8 0.3 
CaO 0.5 0.4 
MgO 1.7 0.3 
N a 2 0 0.6 0.6 
KO 
2 6.3 4.2 
MnO 0.01 
T'O1 2 0.9 1.1 
P 0 
2 5 0.3 0.1 
H 2O 5.1 3.2 
*C 5.3 0.4 
TOTAL 	 99.7 99.6 
Analyst: Miss E. RegE, Bern. 
*C : calculated as the difference obtained by total los,S of ignition 
minus the found values for H20 + 110, taking into account the change 
2+ 3+from Fe to Fe • 
Analyses by Organisch-Chemisches Mikrolabor ETH-Ziirich: 
399 	 442Wt% 
5.15 	 0.50C 
0.49 0.29H 
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5.7 ILLITE CRYSTALLINITY 
The crystallinity of illite (after KUBLER 1967a) was 
o 
measured as the illite 10 A peak width at half-height, referred to 
. a standard kindly provided by Dr. M. FREY, using a Philips recorder 
at 20 2e/min. and 1600 mm/hr. 
The information is presented in histogram form in fig. 5.5 
(for fuller information see Appendix 2) , and the regional distribution 
is shown in fig. 5.6. 
All the Carboniferous specimens have illite crystallinity.(. 4. 0, 
and it seems likely that the apparent loss of crystallinity (up to values 
of 5.2) in rocks from higher stratigraphic levels is erroneous. The 
presence of small amounts of paragonite in the rocks, with very weak 
o 0 
reflections at 9.6A, broadens the illite lOA peak (see section 5.5.4). 
High mixed-layer paragonite/phengite content (see section 5.6.2) and 
low d(060) values (see section 5.9.1) indicate paragonite maybe present, 
and correlate with poorer crystallinity. This is. als 0 shown in figs 5.5 
and 5.7. Samples without mixed-layer paragonite/phengite (i.e. samples 
with high d(060) values) al1 have illite crystallinity values smaller 
than 4.0, i.e. these samples are at the beginning of metamorplish1, just 
inside the epimetamorphic zone as defined by DUNOYER DE SEGONZAC 
et al (1968). 
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oth~r ~ample$ 'Nith d(060):::: 1.498 R 
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min~ content {illites + chlorite + mixed-layer paragonite/phengite} 
of the <. 2Jl fraction samples. Mixed-layer paragonite/phengHe is 
identified !::-om diffractometer traces and indicated by low d(060) values. 
H.ecently published work (see KUBLER 1967a, KUBLER et a1 
1 , p. 466, DUNOYER DE SEGONZAC et al1968, and WINKLER 1974 
p. 72) :!!h(;)\};I's tha.t the crystallinity 4.0 for the beginning of the epizone, 
SfJemf! 	to correspond only roughly to the beginning of the green-schist 
, or the change from very-low-grade to low-grade metamorphism. 
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ESQUEVIN (1969) and DUNOYER DE SEGONZAC (1970) 
showed that chemical composition affects illite crystallinity, in 
that a high AI! ( + Mg) ratio allows illite to attain good crystallinity 
o 0 
more evenly. Esquevin us ed the intensity ratio of the 5 A and 10 A 
illite peaks ;;tS a measure of the Al!(Fe + Mg) ratio, and suggested 
that only illite \1,rith I (002)!r (001) ratio greater than 0.3 could be used 
aN a stent sensitive indicator of changes in illite crystallinity. 
.. 5. S s h.ows that the rocks under consideration have such values, 
,imi," i;znoring samples with mixed-layer paragonite/phengite, which 
have ,momalous illite crystallinity values, the. shape of the cluster of 
pIlOts, DUNOYER DE SEGONZAC (1970 p.319), defines a field 
just inside the epizone. 
Despite the fact that the Carboniferous rocks were involved 
in latfl-Hercydan deformation (see section 3.1.4) they have illite 
cry~,;t<}.l1inity values very similar to those of the cover rocks. This 
points to the relatively weak intensity of that deformation (see also 
1, 
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Fig .. 5.8 Illite crystallinity versus intensity ratio 1(002)/1 (001) illites 
(diagram J with the suggested ranges of phases, after ESQUEV1N. 1969) • 
samples with mixed-layer paragonite/phengite
• identified from diffractometer traces. 
o samples with m.ixed-layer paragonite/phengite 
indicated by low d (060) values. 
samples with no mixed-layer paragonite/phengite 
identified. 
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5.8 TEMPERATURE DETERMINATIONS 
Though no geothermometry was attem pted using the material 
collected for this work, comparison of information on the Alpine 
metamorphism from other sources) has enabled quantitative conclusions 
to be drawn concerning this area. 
5.8.1 Stilpnomelane stability field 
The present area of research lies in the region where 
stilpnomelane is stable, as determined by E .NIGGLI and C .R. NIGGLI 
(1965) fig. 1).. Information concerning the first appearance of 
s tilpnomelane is rather poor J although FREY et al (1973), infer the 
reaction: 
:1 
glauconite + quartz::: chlorite =stilpnomelane + K-f eldspar 
for glauconite bearing formations in the Helvetic Zone of the Glarus 
Alps.. Correlating with work of previous authors (noting especially the 
presence of pumpellyite in nearby rocks), they suggest a first appearance 
o
of stilpnomelane at about 200 - 300 C at 2kb. 
Experimental information obtained by NITSCH (1969) on the 
upper stability limit of stilpnomelane gives equilibri urn curves for the 
reactions: 
1) siilp .. + muscovite = biotite + chlorite + quartz + HZ0 
2) sulp. + K-feldspar =biotite + muscovite + quartz + ~20 
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v:ith 
H.C:IC 4kb 7kb 
I ) 4:40 ! lSoC 460 t. 15°C 
2) 400 ~ lSoC 420 ~ 15°C 
.., F. 3+/... 2+ 
, e .I;< e ratio> total iron content d 0 
,an 2 partial 
litl' ranp,e for stilpnomelane from about 200 _ 300°C 
o 
440 C at 4kb would seem reasonable for this area. 
lite was not found in the area under consideration, but 
ELt\ND (I975) have reported its occ~rrence in Hettangian 
s (ahout2. 5 km N of this area). They found the 
~'-"tor~h··.vnite + chlorite chlorl"tol' d + t + H 0 • I .. = quar z 2If 
in ::-ocks near Leukerbad, 4km W of the present area of study. 
'N:H. also found further S., near Albinen, in Toarcian and 
I 3 km W. of the present area. These rocks contain 
(poorly crystallized graphite), and methane was 
a constituent of the fluid phase, lowering equilibrium temperatures 
.. Most rocks in the present study also contain graphitic 
5 .. 5.8).. As suming that the regional NE-SW trend 
In this area also applies to this isograd, this infor- , 
chlo:ritoid-in isograd for such rocks about 2 km N.W • 
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of the present area of t d d 
s u y, an the pyrophyllite found by FREY 
and WIELAND (1975) at Ferdenpass would lie just on the N.W. side of 
this isograd. 
A possible lower limit to the stability of pyrophyllite has been 
investigated by THOMPSON (1970) studying the reaction: 
kaolinite + quartz =pyrophyllite + water 
HAAS and HOLDAWAY (1973) summarized this information 
and their own information on the upper stability limit, in their fig. 3. 
They considered the reactions: 
pyrophyllite + diaspore =kyanite + water 
and the higher temperature: 
pyrophyllite =kyanite + quartz + water 
HAAS and HOLDAWAY (1973, p. 462) suggest that Thompson's data 
are probably somewhat high, but nevertheless it is clear that pyrophyllite 
has only a small stability range (for P f = P H20). Haas and Holdaway 
suggest that Thompson's data for incoming, and their data for outgoing 
pyrQphyllite = kyanite + quartz + water, give values from 345°C to 
° °o a380 G at 2kb, from about 360 C to 390 C at 3kb, and from 375 C to 
o
400 G at 4kb. 
It seems that these outer limits, although incoming values may 
be high, should be accept ed as pertinent to the area to the SW of the 
Aar Massif where there are quartz-ri.ch rather than aluminium-rich 
assemblages. These probably represent maximum values, since the 
information of FREY and WIELAND (1975) shows that in this area 
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pyrophyllite (if formed) would only just have given way to chloritoid 
(i. e. the upper stability limit of pyrophyllite was just surpassed) , 
but the presence of graphitic material giving rise to methane would 
allow this reaction to occur at lower temperatures. 
5.8.3 Chloritoid Stability Field 
Chloritoid was not identified in the present work, and the 
area lies outside the area of stability shown by NIGGLI and NIGGLI 
(1965), where the northern bomlary of chloritoi d lies at the northern 
edge of the Pennine Nappes. In the region of Leukerbad and A1bi nen, 
however, about 3km west of the present area, FREY and WIELAND 
(1975) have reported the occurrence of ch1oritoid in Toarcian and 
Aalenian rocks (as discussed in section 5.8.2 above). 
FREY (1974 and 1969a) finds chloritoid forming by several 
reactions from the beginning of the epizone onwards. KUBLER (1967a, 
p .110 fig. 3) suggests chlorotoid can be present in the anchizone. 
HOSCHEK (1967 p. 152) notes that ch1oritoid remained stable when
. 
held at 3500 C and 4kb for 120 days. HIETANEN (1967 p. 196 and fig. 1) 
implies tentative PT relations of about 2500 C at 3.8kb for the formation 
of ch1oritoid for Barravian-type metamorphism. In her fig. 1, 
however, fairl y low temperatures are suggested: for example for the 
obeginning of the green-schist facies temperatures about 100 Clower 
than by WINKLER (1974 fig. 1-1) for the beginning of the equivalent 
low-grade metamorphism. 
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Ghloritoid is stable right through low-grade metamorphism 
(WINKLER 1974 p. 78). 
5.8 .. 4 Other Evidence 
Th~ bulk chemistry of the rocks does not allow the development 
of m rnJlIl which are sensitive indicators of PT conditions. Illite and 
chlorite dt!'v~lop during diagenesis, and the assemblage illite/muscovite + 
".. lor-He remains stable into green-schists facies (WINKLER 
). To!": illite 2M polymorph is dominant from the anchizone 

, !vtAXWELL and HOWER 1967). 

crystallinity is certainly sensitive to metamorphic grade, 

fie relationships to pressure and temperature and therefore 
, are not clear (see ego DUNOYER DE SEGONZAC 
p .. 317, KUBLER et al1974 p. 466). Concerning natural systems, 
( 
to 
regional distribution offllite cr)tstallini ty related to 
ranges in the Central Alps. The approximate 
crystallinity 4.0 (beginning of the epizone) and the 
green-schist facies (see KUBLER 1967a, and WINKLER 
o 
suggest temperatures of about 350 C for pressures 
this region (from WINKLER 1974 fig. 7-2). 
ation of paragonite has not been studied in great detail, 
E (1971) and FREY (1970) show that it occurs in very-low­
{in the anchizone~ and it is known (CHATTERJEE 
into medium grade. 
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POTY et al (1974) give estimated temperatures for 
formation of quartz crystals in alpine fissures. They suggest 
temperat ures of 4000 C in Mont Blanc and north A .ern ar 	massIfs to 
o 
450 C 	 in the central Aar Massif. 
5.9 	 PRESSURE DETERM INATIONS 
5.9.1 	 12.0 values 
SASSI and SCOLARI (1974) presented a :useful reference scale 
relating increasing b O values of potassic white micas to increasing 
pres sure in low grade pelitic schists. They also indicate that the 
information is relevant onl y for certain special but 'commonly occurri ng 
assemblages, related to particular bulk compositions. 
1. Paragonite, margarite and pyrophyllite are absent. 
2. Abundant quartz, chlorite or K-feldspar in the :rocks give increased 
b 0 values. 
3. 	Increased carbonate content gives lower b O values. 
Other limitations (s~e also GUIDOTTI 1973) are that the phengite 
content, and therefore b O values, decrease with increasing temperature, 
and that in po1ymetamorphic areas b o val ues are composite and likely 
to be variable. 
Consequently (see fig. 5.9) in the present study, limited 
as semblages with muscovite/illite and albite were used for estimating 
b values were calculated from d(060) spacings
the range of bO values. 0 
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measured (by Dr. M. FREY pers comm ) on G " C
' • • - Ulmer amera 
photographs using the nearby quartz line as an internal reference. 
Fig. 5.10 shows d(060) values and the presence of some 
significant mineral phases. Even with this small number of specimens; 
those containing mixed-layer paragonite/phengite or paragonite clearly 
form a separate group with markedly lower d (060) values. These 
as semblages have relatively high Al- concentration, and therefore 
lower phengite content in the muscovite,which has a lower b value 
o 
(see fig. 5.9). Specimens which fall in the range of d(060) values 

o 

1. 496-1. 498 A, but do not show identifiable mixed-layer paragonite/ 
phengite) probably contain this mineral (see section 5.5.3). 
The Faldumgrat cataclasites being excluded, the specimens 
containing albite and no mixed-layer paragonite/phengite are 
Carboniferous and have d(060) values ranging from about 1.502 .. 
o 1,,507~ giving b O values 9.012 - 9.042A which, according to SASSI 
and SCOLARI (1974 table 2), indicate respectively types of metamor­
phism ranging from low-intermediate pressure (e.g. New Hampshire), 
through typical Barrovian (Dalradian metamorphism in Scotland) , 
to Barrovian-t'YPe (e.g. Otago). 
All specimens in this range are Carboniferous or Rhaetian 
d h b value 9 022 ~ with standard deviation 0.01°4 ,an ... ave a. mean 0 • 
. . t hism of SASSI and
corresponding to a typIcal BarroVlan me amorp 
". TURNER (1968 p 359) ahows P - T relationsSC OLARl 1974, table 2. , . 
"es which would indicate values from 2.5 kb atserlfor this facies 
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AI -silicate 
py rophyll i te 
K-feldspar 
albite 
Fig. 5.9 Schematic low grade AKNa diagram indicating the 
relationships of different assemblages to the assemblage (field 1) 
used in muscovite b determinations (see' section 5.9) after 
GUIDOTTI 1973 and OrHOMPSON 1961. Fiel~s left (2,3) and right (4) 
of field 1 have more- and less-phengitic muscovite respectively 
(AI-content decreases in phengitic muscovite), giving higher and' 
lower muscovite b values respectively. Assemblages with mus covite­
K-feldspar-albite ~field 2) or muscovite-K-feldspar (field 3) should 
have higher muscovite be values than the assemblage muscovite-a:Ibite 
(field 1). Assemblages with muscovite-paragonite (or mixed-l ayer 
paragonite/phengite) - albite (field 4) should have lower muscovite 
b values than the assemblage of field 1.o ._ 
,A 
o . 0 
200°c, to 3.7 kb at 300 C, and 5 kb at 400 C. It must be remembered, 
however J that the b 0 value was intended only as a rough guide to 
pressure estimates (SASSI and SCOLARI 1974, p.149). 
Specimens which showed identifiable albite, but also a peak 
at 3.25A (corresponding to mixed-layer paragonite/phengite or 
K-feldspar) were not considered for pressure estimates. 
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Fig5JOA 
Tolal 
. I f I I I I I I I I I I I,...
... [;;
'0 [; c...00- 0 0 1 d(060) mu",0 
.... 'I 
g 5JO Histograms of d (060) values of illite. 
the total. 
,8 for individual formations. 
samples with mixed-layer paragonite/phengite identified on 
diffractometer traces. 
samples with albite and with no peak at .3.25 X 
o 
samples with albite and with a peak at .3.25 A (assumed from 
d (060) values to correspond to K-feldspar). 
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Aalenian 
Hettangian 
Rh...ti..n 
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Carboniferous 
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Although albite was not identified in the Rhaetian specimens 
in this range they form a separate group from the Rhaetian specimens 
which contain mixed layer paragonite/phengite. 
While it must be remembered that this is a statistical analysis, 
only significant when based on a number of results, it is interesting to 
note the variation in d (060) values of specimens from close localities. 
The difference in d(060) (see Appendix 2) between the Rhaetian 
specimens 502 (high), and 503 (very low) taken about 10 m apart (and 
the adjacent Hettangian specimens 504 and 505, also very low) is 
probably not standard deviation, but represents a variation in bulk 
chemistry (mixed-layer paragonite/phengite is assumed present in 
specimens 503-505). 
Specimens which contain significant amounts of carbonate also 
fall into the group with low d(060) values. 
The Faldumgrat cataclasites were excluded on grounds of bulk 
chemistry. They contain quartz, K-feldspar and large amounts of 
chlorite relative to illite. Interpretation of these rocks is difficult, 
but they have undergone a complicated geological history (see also 
section 2.1.4) • 
5.9.2 Other Pressure Determinations 
POTY ~t al (1974) give P-T information from studies of fluid 
inclusions in quartz crystals of alpine fi§§,ures. They calculate that 
pressures of 2.5-3.0kb (9.5 - llkm, assum..ing rock density 2.7gm/cc) 
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appertained over the Mont Blanc and Aar Massifs, and more 
particularly 2. 75-2.8kb or lO.2-l0.4km over the Aar Massif. 
These fissures have somewhat late dates in the alpine sequence, and 
presumably do not give maximum P-T data for the metamorphism. 
5.9.3 Overburden Estimate s 
The time relations of the alpine metamorphism to nappe 
movements in the area are uncertain, particularly since it is at present 
held (see e.g. FREY et al 1974) that three distinct alpine metamorphic 
phases affected the Alps, and it seems uncertain to which of the latter 
two phases (mid-Tertiary, peak ca. 31-36 my ago, or Oligocene­
Miocene, ca. 14-26 my ago, of FREY et al 1974) the metamorphism of 
this area belongs (see section 5.U). 
If metamorphism of the present area of study occurred in the 
mid-Tertiary, stratigraphic evidence (see e. g. TRUMPY. 1973) shows 
that the folding of the Helvetic belt and formation of the Helvetic Nappes 
had not yet occurred. The overburden would consist at that time of 
autochthon "+ Ultrahe1vetic + Prealpine Nappes. Present day tectonic 
thickness presented in BERNOULLI et al (1974) suggest this would give 
a total of L l4.5km (..:::::..4kb). 
If ~etamorphism of the present area of study occurred in the 
Lower Miocene, synchronous with the main Helvetic deformation 
(TRUMPY, 1973), the overburden would comprise autochthon, the now 
somewhat denuded Ultrahelvetic + Prealpine Nappes, and also the Helvetic 
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Nappes. Denudation rates of t - 1km/my suggested by CLARK 
and JAGER (1969), allowing for a minimum time difference of possibly 
5 my between the two metamorphic events, imply that by 26 my ago) the 
Ultrahelvetic + Prealpine Nappes would be L.. 9km thick. The lowest 
Helvetic Nappe, the Dq1denhorn Nappe, mostly comprises material 
which originally overlay the north of the present area (e.g. the area of 
Torrenthorn - Majinghorn: see sections in FURRER 1962, and 
LUGEON 1914 profile 6 where the MaIm in the uppermost limb of the 
Doldenhorn Nappe has its root in the MaIm on Horlini). Since movement 
was towards the north-west, this material (ca. 1.5-2 km ) could not 
have contributed to the overbuden in the area under consideration 
(the remaining ca. lkm being equivalent to upper autochthonous material 
of this area). From tectonic thicknesses in BERNOULLI et al (1974) 
this suggests a thickness of Helvetic Nappes in this area of <.3.5km. 
The total overburden at this time (Lr. Miocene) would therefore have 
been < ca. IS.Skm ( < 4.2 kb). 
Estimating the thickness of autochthonous material is difficult 
in this area, since most of this is now eroded, but estimates can be 
gaine d from information on areas of parautochthon to the N.W. The 
vertical interval covered by the samples used in this study 
(Carb~niferous - Bathonian) is approx. 0.7 - 1km (present day tectonic 
thicknesses), but this is not large in respect to the total overburden. 
If a lower Miocene date for the metamorphism of the area of 
study is favoured (see also section 5.11), the total overburden is likely 
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to have been <IS.Skm « 4 2 kb) A ' 
• • s pressure estlmates, these 
data only represent maximum hydrostatl'c pressure, and any directed 
tectonic overpressure is not taken into account. 
DURNEY (1972b) suggests that over the base of the Morcles 
Nappe ct the Dent de Morcles, there would have been ca. 8km of 
Helvetic nappes + 2km of Ultrahelvetics; the total being modified to 
7-8km (2.0kb) since the Diablerets and Wildhorn Nappes do not occur 
in France. 
Overburden estimates also give some indication of the degree 
of burial diagenesis prior to Alpine deformation and metamorphism. 
Estimates of present-day autochthon and parautochthon from FURRER 
(1962) imply a thickness of autochthonous cover up to the base of the 
Helvetic Flysch amo~nting to ca. 2-2.5km. DUNOYER DE SEGONZAC 
(1970) reviews. published data on progressive illitization and chloritization 
from montm.orillonite during burial diagenesis, and at a depth of 
2-2.5 km (approximately middle diagenesis) roughly evenly proportioned 
mixed-layer illite-montmorillonite is present, with chlorite also 
forming.Sediments are compacted but still porous. 
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5.10. COMPOSITION OF THE FLUID PHASE 

During the Alpine metamorphism of tJ:is area the fluid phase 
is certain to have comprised several constituents. Pore water will 
have been readily available in arenaceous rocks, and in argillaceous 
rocks will have been supplemented by progressive dehydration of the 
clay mineral lattice. Carbonat.e-bearing rocks occur widely and are 
interbedded at several horizons with non-carbonate rocks. Graphite 
occurring espeCially in the Carboniferous, would give rise to several 
fluid components. 
The somewhat variable composition of indivLdual formations 
and interbedding of the different lithologies, representing widely 
variable bulk chemistries, suggest that several com..ponents would have 
formed the fluid phase of all rocks. 
5.10.1 	 Presence of Carbonate 
Calcite and dolomite occur in the phyllites of the cover rocks 
(largely represented in calcareous horizons), and also in adjacent 
calcareous formatlons. (T"nas, PI"lensbachl"an , Toarcian, BaJ"ocian,and 
MaIm). WINKLER (1974 p.20) discusses lowering of equilibrium 
temperatures for metamorphic reactions through additional components 
in the fluid phas e • It is doubtful, however, that reactions liberating 
I t f CO2 would be occurring at such low grades as arearge amoun s 0 
encountered in the area under study. 
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5.10.2 Presence of Graphite 
Graphite is known in the Carboniferous rocks, and probably 
occurs in small amounts in the phyllitic cover rocks, (see section 
5 .. 6.3). Its presence even in trace amounts can significantly effect 
the composition of the fluid phase present during metamorphism 
(WINKLER 1974, FRENCH 1966, MIYASHIRO 1964). 
Graphite is shown by MIYASHIRO (1964) to have a strong 
reducing effect, giving low values of f02 • The occurrence (see 
section 5 .. 5.8) of minor amounts of iron in pyrite and possibly ilmenite !J 
and the absence of haematite and magnetite indicate reducing conditions 
at some stage in the geological history of the area. Goethite is probably 
a recent weathering product, bu.t could ari se from alteration of any 
of the above four minerals. 
FRENCH (1966), considering a fluid phase composed of 
co CO H 0 H CH and ° in equilibrium with graphite, 
2' '2' 2' 4 2 
showed that methane (CH ) can be a "significant to dominant constitue:n..t' I4 . 

especially at low f02 ' low T (~SOOOC), and P f '> lkb. For 

reactions 	previously determined with P f =P H2 0 ' or 

p p reduction of water pressure by dilution d the
P
. f = 	 H 0 + CO ' 
2 2 

total fluid pressure with the above constituents lowers the equilibriu~ 

temperatures of these reactions. 

WINKLER (1974 p. 22) suggested that, although the mole 

fraction of H 0 will be lowered with increasing temperature, by
2
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III 
formatb~l e:3 
cially of CH4 and CO2 , it will increase with 
fluid pressure (at a constant temperature). For 
the breakdown of muscovite + quartz, in the presence of 
g, te. \\;rNKLER (1974 p.23) suggested a lowering of only 300C at 
1kb} 200 e at P f =3kb. This diminution of the significance 
:H~ as a constituent of the fluid phase will only occur at these 
n. In th~ low grades encountered in the area of study, 
temperatures will have been an important factor 
F (p!!'rs. comm.) has reported that field observations on 
ranges imply that the reaction for incoming pyrophyllite 
from ca. 340°C to just over 2000 C (at 1-2 kb) by 
of total fluid pressure with constituents other than 
dilution cannot be so great at higher temperatures, so, 
the reaction for outgoing pyrophyllite, such a reduction 
l'tl temperatures (by 100-ISOoC) is not possible. This 
ase the stability range of the mineral. 
STALDER and TOURAY (1970) reported fluid inclusions in 
a:rt~~ crystals of the Helvetic Nappes which consisted almost 
methane. These gave much lower homogenization temperatures 
} other crystals from the same area without methane in 
inchJs!Q~HJ (163-226°C). They suggest growth temperatures over 
for the methane.-bearing quartz, which were much lower than 
r 
€tl.rUer- qu,'irtz without methane.nr'H"OH. 
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S.11 DATING THE METAMORPHISM 

Three distinct Alpine metamorphic phases have been 
recognized in the Alps (see e.g. FREY et alI974), and the timing 
of met;lmorphism of the present area of study is of importance in 
pcrtinc'nt dated information such as the formation offissure 
quartz ribed by POTY et al (1974, p. 718), in relating the loading 
ed nappe sheets (see section 5.9.3.) and the main 
'ltiOrl. of the Ai'tr Massif and its autochthonous cover, and also 
r~t;n1ing the situation of this area in the larger Alpine context. 
In the Glarus Alps the latter two metamorphic events have 
been zed (see e.g .. FREY et al 1973): the peak of metamorphism 
wa~ -36 my ElgO (mid-Tertiary), and the second event was 14-26 my 
!v1;iocene). Som e stratigraphic evidence (see TRUMPY 
) shows that the folding of the Helvetic Nappes occurred 
and was probably mainly Burdigalian, although theafter 1 
et al (1973) in the Glarus Alps possibly suggests that the 
of 31 -36 my ago occurred after emplacement of the 
work of 
Hehtetic Nappes in that area. 
MARTIN1 ru"1d VUAGNAT (1965 and 1970) showed on tectonic 
and 6tratigraphic evidence that the metamorphism of the Taveyanne 
tJil'lL.nclntone (outcroppin,g throughout the Helvetic Zone) occurred, at 
and Savoy, no earlier than Late Oligocene. 
P~trCtgraphic evidence from the present area of study shows 
the main phase of Alpine metamorphism was syntectonic with the 
----,
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formation (D ) Su h "d " Ie· 	 c eVl ence compnses the 
fortn 
cleavage, features of pressure solution and 
, and fracture infills. 
;F'urthcrrnore, DURNEY (1972b) has shown by fluid inclusion 
l;tud! ~; in the Hclvetic Nappes west of the present area, that maximum 
rally occurred in the early part of ductile deformation. 
It tH' ems In:e1y then) that the main Alpine deformation and 
rn~tulno~' pi;isr:n the ent area of study occurred in the Late 
.,. l\t 
im(; ... ~", rly .,·~iocene) with the lowest grade metamorphism (up to 
the ilrus Alps after FREY et al 1974) and latest fissure 
ation (POTY et a11974) lasting somewhat longer. 
5.12 ~\;1.P~RY OF DATA ON STATE OF METAMORPHISM 
5 .. 2 summarises the more important quantitative data 
obtai-ned for temperature and pressure of the Alpine metamorphism 
of thIs area. This provides an interesting comparison of information 
from 	several lines of investigation. This information relies 
on the work of ot.-her authors, notably in providing 
on r:':dneral stability ranges. Relating this somewhat restricted 
to geological situations is often difficult and imprecis e, 
agreement shows the confidence that can be attached tobut th~ 
Hnes (:If investigation. 
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Illite crystallinity is a sensitive guide to very-low to low 
metamorphic grade, but unf.ortunately quantitative P-T data are 
difficult to ascertain. b O values were originally intended only as a 
qu indicator, and estimates of overburden are hindered by 
ra.ther vague stratigraphic evidence for the timing of important 
s raj events such as nappe movements. 
Some of the most precise P-T data come from a knowledge of 
thc~ st;'1,bility s of pyrophyllite and chloritoLd, and the discovery 
by EY and 'NIELJ\ND (1975) of the isograd about 4km west of the 
present area of study. This limits the probable temperature for this 
art;~ t!::J just above the stability of pyrophyllite, and only just within the 
chloritoid. Experimental dat a for these stabilities are likelystabllity 
tel t()O high for this area (possibly by lOOoC) since methane was very 
a significant component of the fluid phase; allowing reactions 
to take ace at much lower temperatures. 
The fluid inclusion studies of POTY et al (1974) on the form ation 
of fissure quartz crystals give slightly higher temperatures for 
.~r pressures, but this may be due to hot solutions coming from 
somewhat late stage into cooler country rocks (see also 
and at 
POTY et al 1974, p. 718). 
A relatively sm all area has been considered in this study with 
. -,.t' on of relief and that data can be taken to reflect no 
Varl". 1 , 
variation with structural level or distance from the centre of metam­
The information suggests that the alpine metamorphism of 
orphi!lllf'l1 .. 
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Table 5.2 Summar of Data on Al ine Metamor hie State of Ph 'Hites 
Evidence Temperature Pres sure range 
range inferred °c inferred kb. 
Illite crystallinity 350 -!~II,! 1 

(sections 5 0 7,5.8.4 ) II I 
~-----~-------~~--------------~-----------~. I 

. . I'!~p-ol-SS­i-bl-y--'lb values o 
TypIcal BarroVlan "d t.(section 5.9.1) OV,in 0 I i 

2.5 to 5 !labout lOooei 
l!lower in i 

Stilpnomelane ·200- to 440 2 to 4 1 5 •10 •2 ) j 

stability 300 . I 

Overburden 1! graphite- iI 

estimates - <.4.2 Iqearing i 

(section 5.9.3.) J rocks II
[::'="':~-------i-----·----1t--------lI11· (5 ection 

(section 5.8.1) 
 I •~::"':':':":':~+-------i12---' I 

Pyrophyllite 345 to 380 I ~ 
stability 375 to 400 
 4(section 5.8.2) 
Chloritoid ca. 350 to 4 j 
stability ca. 540 

~(~s~e~c~ti~0:n~5~.8~.3~)~__~~_____________-i~-=~~~~__~, 

toFluid inclusion 400 2.75 to 2.8
450 

POTY et a1 1974. 

studies. After 

(section 5.8.4. , 

5.9.2) 
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this area attained low-grade though reaction temperatures may 
have been depressed by the presence of methane. Maximum 
temperat ures of 250-350oC, possibly up to 400°C) at about 2-4kb 
are suggested. 
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6. DISCUSSION AND CONCLUSIONS 
Though not mapped in fullest detail many lithological units 

in the basement have been discerned (see plat e 1) Th' .

• .elr mappmg 
has provided a clearer understanding of the geoLogical history of 
this area (summarized in fig. 3.7) and details the geometry of some 
fold structures within the basement (at smaller scale than the large 
scale folded surface of the basement/cover junction). 
Upper Carboniferous metasediments, on the older Altkristallin 
\ 
gneis s complex, are recognizable and were presumably deposited 
after the main Hercynian deformation and metamorphism. Part of the 
early (main Hercynian and earlier) history of the Altkristallin has been 
determined, and the previously enigmatic structure of the Upper 
Carboniferous in the late-Hercynian Laucherspitzen syncline has also 
been established. Other dark graphite-bearing phyllites have been 
discovered away from the main Carboniferous outcrops, one of which 
(between Bachalp and Niwenpass, see plate 1) is tentatively correlated 
with the Upper Carboniferous metasediments (for mineralogy see section 
5.6, Appendix 1 and Appendix 2). 
The cover rocks are more easily mappable, owing partly to 
the characteristic and fairly uniform nature of individual formations, 
and also to the simpler structure. Minor amendments and addition to 
earlier work has been provided. 
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However, many problems still remain concerning the 
geological history of the area, which would require further 
investigation: ­
a) A detailed study of the basement may reveal more of the early 
history of the Altkristallin up to and including the main Hercynian 
deformation and metam orphism • 
b) The age of the various intrusive bodies into Altkristallin may be 
more clearly established by fieldwork. Isotopic age dating may be 
possible (also of gneisses) but the succession of metamorphic events may 
produce mixed ages. 
c) The stratigraphy of the cover rocks requires some revision. 
Possible Permian rocks have not been investigated in detail here. 
The work of earlier authors is inconsistent with regard to formations 
assigned to the Hettangian and Sinemurian. Ammonites may be useful 
for correlation, though states of preservation are often poor. The 
possibility of unconformity, non-sequence or diachronism at the base 
of the Aalenian also re quires further investigation as does the exact 
nature of the thin limestone horizon in phyllites at Galm (see section 
2.2.9). DiachronEm would mean that the generally assumed equivalence 
of mappable formations with the stages may not be precise. 
The Alpine deformation sequence as determined for this area 
was relatively simple, comprising one m..ain deformation, followed by 
two weak phases producing only localized small-scale structures. 
J 1 
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A. 
The structures of these two later deformations still present some 
problems in their interpretation as two simple phases, owing to their 
variable orientations (see sections 3.2.2 and 4.3.1). However, all 
structures of all three phases are closely comparable between 
basement and cover giving the correlation shown in table 3.1. The 
effects of the main Alpine deformation D biD are directly comparable4 lc 
by the passage of the cover cleavage SIc into the basement as the 
schistosity S ,and by the shape of the folded surface of the basement!4b 
cover junction. This appears to be largely a folded surface as seen in 
the medium scale folds of the junction on the north limb and crest of 
the major Niwen anticline, between Niwenpass, Bachalp and Ober 
Fesel (see plate 1). No evidence has been found for its interpretat-ion 
as a surface whose shape is controlled largely by pre-existing baserrent 
fault blocks (c.f. BAER 1959) though some aspects of Mesozoic 
sediment.ation indicate tilting or uneven subsidence (e.g. SW of Galm). 
The major synclines are, however, localized zones of strong 
deformation, seen especially on the north limb of the Fa1durru:othorn 
syncline. The viscosity contrast between basement and cover is shown 
by the cuspate shape of this folded surf ace (see section 4.4) as the 
tight major Faldumrothorn syncline and broad Niwen and Laucherspitzen-
FaLdumgrat anticlines. Seen at small scale, cuspate folding develops 
with markedly heteregeneous strain in the layers either side of the 
folded surface. This is shown by DURNEY (1972b, p.144ff) describing 
localized strong development of pressure solution seams through the 
I: 
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cusp point s, with much weaker effects of deformation by pressure 
solution in the broad arcs of the cusp folds. Away from the folded 
interface the effect s of pressure solution become more uniformly 
distributed. Such a strain distribution presumably also occurs in large 
scale cusp folds. This may partly account for the strong deformat ion 
seen in the tight major Faldumrothorn syncline (with tectonic thinning, 
and strong folding and development of S /S : see section 3.1.5) and 
1c 4b 
with less contraction producing the weaker folding seen in the cover 
rocks over the broad major anticlines· (between Wysse See and Galm, 
and south-east of Niwenpass-Bachalp: see plate 1). Quantitative 
regional strain analysis may be used to detail the strain distribution. 
Further work on mylonitic basement rocks may provide a clearer 
understanding of their origin, and of the possibility for distinguishing 
an early-Alpine or pre-Alpine mylonitizing deformation (see section 
3.3). This may have produced localized mylonite zones (possibly 
related to the proximity of incompetent lithologies such as Carboniferous 
phyllites) separating less intensely deformed zones of basement. 
The quantitative strain analysis undertaken here for the main 
Alpine deformation (see sect ion 4) has not been sufficient to give a 
regional analysis but investigates local situations and compares different 
types of strain marker. The most widespread data on incremental 
strain orientations corne from measurement of the orientations of 
curved fibrous crystals. Occurring in both basement and cover, these 
indicate that most growth occurred in earl y extension directions 
I 
I 
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plunging steeply SE, and later extensions subhorizontal or gently 
plunging SW. Many of the analyzed deformed objects suffer from 
the presence of initial preferred orientations and ductility contrasts 
with their matrix. Only faecal pellets appear to have neither and 
would be useful for further work. Steeply SE plunging obj ect long 
axes are probably tectonic, but gently SW plunging long axes may 
partly result from the initial fabric and from mechanical rotation during 
deformation. In the cover medium and sma11 scale folds (the wavelengths 
controlled by the thickness of individual formations, massive beds or 
minor bedding laminations) produce local inhomogeneities in the major 
structure, making difficult any strain analysis of this large scale 
(regional) structure. In the basement the complex geometry of the 
component units probably produced irregular strain distri but ions, and 
there is a general paucity of suitable strain indicators. Upper 
Carboniferous psephites are useful. Further, is the difficulty of finding 
accurate markers at suitable structural locations for a closer comparison 
between basement and cover rocks. The Carboniferous and Triassic 
rocks at the head of Faldumgrund, and between Bachalp and Niwenpass, 
may be useful. 
Studies of the degree of crystallinity of illites (section 5) shows 
that the pelitic rocks investigated (basement and cover) reached a 
degree of Alpine metamorphism just inside low-grade as defined by 
WINKLER (1974) ~ The presence of graphite, however, may have allowe d 
this grade to be attained at relatively low temperature. A Barrovian­
type metamorphism is indicated by bO values (section 5.9) syntectonic 
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with the main Alpine deformation (section '5.U). 
The closely comparable Alpine structures between basement 

and cover indicate similar finite deformation. Structures of the 

main Alpine deformation, notably the schistosity S ,are visible 

. 4b 
throughout the basement, indicating that deformation affected the 
whol e of the basement rocks mass and was not concentrated sooly in 
localized zones. However, some uneven development of such structures 
in the basement has occurred and is discussed in section 3.3. Alpine 
metamorphism of basement outside the area of research is shown by 
Alpine isotopic dates in the SE of the Aar Massif and mixed Hercynian/ 
Alpine ages in-the central Aar Massif (JAGER 1973, JAGER and FAUL 
1959, JAGER, NIGGLI and WENK 1987, and WUTHRICH 1963,1965). 
Though generally similar finite deformation may be assumed 
for basement and cover by the similar development of structures and 
similar quantitat ive estimates of strain, the difference between cover 
and basement of rocks with different teKtures and constituent minerals 
will have required somewhat different deformation mechanisms. There 
are also wide variat.ions in lithology within both cover and basement. 
The phyllosilicat-e constituents of cover pelites will have under­
gone reaction since diagenesis, prograssively changing composition 
and struct~re with increasing temperature and pressure (see e.g. 
DUNOYER DE SEGONZAC 1970). Overburden estimat es (section 
5.9.3.) suggest middle diagenesis would have been reached before the 
onset of the Alpine orogeny. During Alpine deformation and 
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metamorphism further water from pore spaces and dehydration 
reactions will have been expelled. Continuous volume reduction 
(through loss of pore space and denser atomic packing) will have 
allowed continuous rotation of these platy minerals in the stress field to­
wards the developing cleavage plane. Prograde diagenetic and 
anchimetamorphic reactions of clay minerals (largely montmorillonite 
to chlorite or illite) and increasing illite crystallinity required volume 
changes largely taken up by contraction in the direction normal to the 
basal plane (normal to (001» presumably best accomplished with 
this direction parallel to the tectonic Z direction (X > Y >Z) and the 
basal planes parallel to the developing cleavage. The atomic structure 
of grai ns with other orient ations may not have accommodated deformation 
by volume reduction and may ha;ve been rotated, 'bent' or 'broken' 
(by various mechanisms incl.uding dislocation or solution) possibly 
leading to dynamic recrystallization in new grains. Other constituents 
of cover phyllites, largely quartz and carbonate, may have mechanically 
rotated in the incompetent phyllosilicate matrix, or may have deformed 
by solution transfer or other relatively low temperature and pressure 
mechanisms (WHITE 1973, KERRICH 1974 p. 197). Well developed 
quartz (with carbonate) pressure shadow growths are common round 
'pyrftes in these phyllites, indicating the solution and redeposition of 
these minerals in these lithologies. 
The deformation of cover sandstones and limestones (with the 
possible exception of massive TrIassic dolomitic limestones since 
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faecal pellets indicate early cementation) would have been 
accompanied by loss of pore space, but the small effect of vo1ume­
reducing reactions mentioned above which could have occurred in 
rocks of these compositions, would have required deformation by 
other mechanisms greater than that required in pelitic rocks. The 
few phyllosilicate minerals will have reacted, but were probably too 
few to give a marked cleavage. Volume reduction through loss of 
pore space will have allowed rotation of grains, and the effects of 
solution transfer are seen to have produced a cleavage (section 4.3.1). 
Other deformation mechanisms may have been important, notably 
dislocation processes, twinning, kinking~and grain boundary slide 
(also probably leading to dynamic recrystallization: WHITE 1973, 
1975). Undulose extinction, subgrain formation and pol ygonization 
.is very marked in quartz and less so in carbonates. 
In basement rocks, however, earlier (Hercynian) deformation 
and metamorphism will have eliminated ) or at least considerably 
reduced pore space, being a minimum in gneisses, migmatites and 
intrusive rocks. A proportion of the deformation of cover rocks will 
have been accomplished by volume reduction in loss of pore space, 
and much of this proportion of the deformation of basement .rocks would 
have required other mechanisms. Furthermore, this reduced pore 
space in the basement would have reduced the capacity for circulation 
of solutions and deformation by diffusion through pore fluids. This is 
noticeable in the weaker development of pressure shadow overgrowths, 
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though some small to medium scale transport of material in 

solution is indicat ed by vein formation (see sections 3.1.9 and 

4.2.2). Undulose extinction and subgrain formation (polygonization) 

is widespread in quartz (leading to dynamic recrystallization). 

Feldspars, amphibole and biotite show fracturing and retrogressbn 

to more stable sericite and chlorite. 

The different basement lithologies would also have deformed 
by different mechanism's. Carboniferous pelites may have behaved in a 
similar way to cover pelites, though their state after late Hercynian 
deformation requires more detailed investigation. Granitic composition 
rocks of the Altkristallin show a very weak development of S4b (due 
to the paucity of phyllosilicates). These and migmatitic rocks are 
competent units and show weaker retrogressive effects than other 
'gneisses and Upper Carboniferous metasediments (diaphthoresis 
appears to be aided by deformation). Dislocation processes, tv.rinning, 
kinking, grain fracture,and grain boundary slide were probably the 
main mechanisms of basement deformation, with weaker transport and 
pressure solution diffusion mechanisms than in the cover, and little or 
no volume loss. Further study of basement textures may reveal more 
information on their pre-Alpine deformation. 
Differences in the Alpine deformation of basement and cover 
were largely dependent on the relative compositions and textures of 
the rocks involved. These determined the relative availability and ease 
of movement of interstitial solutions and the relative behaviour of whol e 
rock units and in detail their constituent minerals. The variable physical 
properties are :reflected in the structural styles observed in the field. 
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APPENDIX 1 
Electrical Conductivity and Graphite-bearing Rocks 
., An indication of the presence of graphite is given by good 
electrical conductivity of a specimen (assuming other conducting 
mineral s are absent). All specimens tested are" dark coloured 
phyllites, and were air dried to prevent conduction by water during 
testing. Qualitative data are presented in table AI.I since graphite is 
irregularly distributed in the rock, and standard shape and volume 
specimens were not obtained. Using a common HAvol! bench multi-
meter the resistance between two points on a specimen was taken to 
indicate the proportion of graphite. Low resistance (good conduction) 
indicated a high concentration of graphite, and high resistance indicated 
a low proportion of graphite. No conduction indicated either the absence 
of graphite, or its presence in insufficient quantires either for detection 
or to form an electrical circuit. 
In the basement graphite is occasionally found outside the main 
outcrops of Carboniferous rocks (specimens 253 and 265: see fig. Al.I) 
and traces of gra~hite have been found in cover rocks (probably derived 
from erosion of the Carboniferous rocks). Not all dark coloured 
phyllites indicated the presence of graphite: a further 104 specimens 
tested showed no conduction (5 Altkristallin, 44 Carboniferous , 23 
Rhaetian, 14 Hettangian, 15 Aalenian and 3 Bathonian). The Carbon­
iferous specimen 399 showed low resistance indicating a high concen­
tration of graphite. Amorphous opaque materi.a1 was observed in thin 
section and the chemical analysis in table 5.1 shows 5.3% carbon. The 
Aa1 eni an specimen 442 showed no conduction by this test, but 0.4% 
carbon-content in the chemical analysis (table 5.1). 
AI .. I 
_ 22 22. i!I" 
--~=~--"~~W""2tf_eW6-.&'~""'i:&S"(@.iI\,:rv..-:t:M3'...'_.~ 
~~'~"""'''''~ 
;:;. ~53 
'265 
N 
~ 
..... 
N 
~ 
1 lem 
f Fig. AI.I Locations of specimens indicated by electrical conductivity 
tests to contain graphite. 
Table Al.I Presence of Graphite (after Electrical Conductivity) 
(+) very slight conduction in places: traces of graphite present. 
+ 	 high resistance in places : a small amount of graphite 
present • 
. ++ low resistance: a large amount of g:F.aphite present. 
spec. 	 Carboniferous Rhaetiangraphite 
no. 
83 + 51 (+) 
HI ++ 55 (+) 

Altkristallin 
 131 + 503 (+) 
224 + 518 (+)
253 ++ 

225 +

265 + 

236 + 
 Hettangian 
237 + 
247 + 
248 + 
252 + Aalenian 
276 ++ 
279 + 
280 ++ 
399 ++ 
Bathonian 
401 + 
403 + 
407 + 
408 + 
490 '+ 
491 + 
492 + 
493 + 
499. ++ 
.,,1.·­
A1.3 

APPENDIX 2 
X-ray 	Diffraction Data 
Key: 	 muse = muscovite to illites; chlor.:: chlorite; 
pa/ph :: mixed-layer paragonite/phengite; Kf :: K-feldspar; 
Ab :: albite; Qz = quartz; Ca = calcite; Dol:: dolomite; 
Goe :: goethite; Hm = ilmenite; Pyr:: pyrite. 
+ 	 mineral identified on diffractometer trace. 

mineral not identified on diffractometer trace. 

( ) 	indicates mixed-layer paragonite/phengite only 
distinguished from K-feldspar on low d (060) values (see section 
5.3). 	 The remaining occurrences of mixed-layer paragonite/ 
phengite were identifiable directly from diffractometer traces. 
A2.1 

, 
I 
Iij specimen Formn. : illite ! d(060) 	 I(002) , «2)1 fraction peak
, 
:! number I cryst. mica 	 I (001) i intensity ratio ; 
mica 
! 
I 
I 
musc. : chlor.I 	 i I ; 
, 

208 Carbo II 3.5 1.503 0.48 77 23 ! 

209 Carbo 3.1 1. 500 0.66 93 7 

211 Carbo 2.8 1.505 0.48 82 18 

I 
I 
246 Carbo 3.2 1.504 0.36 88 12 
253 Bt. 3.0 1.502 0.56 28 72 	 1 

I
254 Bt. 2.9 1.501 0.52 41 59 

255 Bt. 2.8 1.502 0.61 45 55 

280 Carbo 3.2 1. 500 0.51 98 2 

338 Hett. 3.1 1.497 0.44 46 54 

342 RhaEt. 3.5 1.500 0.86 81 19 

I-	 -i-
- r- ­393 Rhaet. 3.1 1.504 0.50 89 11 
I 
396 Rhaet. 3.4 1.50~ 0.61 89 11 

399 Carbo 3.7 1.502 0.46 90 10 

406 Carbo 3.1 1.507 0.34 92 8 

416' Rhaet. 4.3 1.496 0.51 84 16 

418 Hett. 3.7 1.500 0.48 84 16 

420 Hett. 4.3 1.497 0.55 96 4 I' 

421 Rhaet. 3.3 1.502 0.66 83 17 

427 Rhaet. 3.1 1.502 0.78 87 13 

430 Rhaet. 3.6 1.502 0.54 91 9
I-	 ­
437 Hett. 4.3 1.496 0.49 
-
87 13 ~ 

442 Aal. 4.1 1.497 0.84 100 

- I445 Bath. s.a 1.497 0.38 80 20 I 
451 Aa1. 3.1 - 1.498 0.47 85 15 I452 Bath. 4.8 1.497 0.51 86 14 

460 Rhaet. 3.5 1.504 0.87 89 11 

468 Hett. 5.0 1.497 0.55 87 
 13 

473 ~%;~'~... Aal. 4.1 1.497 0.49 84 16

.. .. -". 	 I 
477 Aa1. 4.6 1.496 0.50 93 7 I 
487 Aal. 4.7 1.497 0.61 66 ' 34 	 I 
- ~ -I­
488 Bath. 4.7 1.497 0.50 79 21 I 

489~ Aa1. 4.1 1.496 0.39 53 47 

491 Carbo 2.8 1.506 0.35 78 22 

- -	 1 
I 
499 Carbo 3.6 1.500 0.59 98 2 I 
I502 Rhaet. 3.5 1.505 0.75 95 5 I503 Rhaet. 4.2 1.496 0.48 94 6 I 

504 Hett. 3.6 1.496 0.34 100 ­
505 Hett. 4.5 1.497 0.58 96 4 i ! 

507 Rhaet. 3.1 1.502 0.62 92 8 I 

518 Rhaet. 3.9 1.498 0.66 86 14 ! 
I 

I-
_. 	
11 Rhaet. 4.2 1.497 
-
82 18 

2 Rhaet. 5.2 1.496 
-
90 10 ! 

3 Rhaet. 4.8 1.497 
-
87 13 

4 Rhaet. 3.6 1.497 
-
86 14 

5 Rhaet. 3.4 1.497 
-
85 15 

6 Rhaet. 4.1 1.497 - 84 16 
 i7 Bett. 4.1 1. 497 	 76 24
-	 i8 Bett. 4.3 1.497 
-
81 19 
9 Bett. 4.3 " 1.497 
-
74 26 

10 Carbo 3.0. 1.502 
-
93 7 

11 Carbo 3.1 1.502 96> 10
I .­
12 Carbo 3.6 1.507 
-
100 
­
I 
! (expressed as presence in whale J. v ......___lpercentages) 
musc. : chIaro pa/ph Kf Ab Qz Ca Dol Goe Ilm Pyr 
! 
-
-
+ + 
+ + 
+ + 
+ ++ 
+ + + 
+ + + 
+ + + 
+ + + ..:; 
42 50 Is) ++ 

+ + 

+ + 

+ + 

+ + + 

+ + -' 
. 
72 13 IS ++ + ? ? 

+ + ++ 

82 3 (15 ) + ++ + 

+ + 

+ + 

+ + 

77 11 12 + + 
74 26 + 

67 17 16 
 + 

76 13- (ll ) + ++ + 

69 11 20 + 

+ + 

75 12 13 + 

73 13 14 + 

82 6 12 
 + + + ? ? 

53 27 (20 ) + ? 

64 18 18 + 

45 40 (15 ) + 
 ? 
+ + 
+ + 
+ + 
78 5 (17 ) + ? 

88 (12 ) + ++ + 

83 4 (13) 
 + + + ? ? 
-
"" 
+ + 

69 ~2 (19 ) + 

70 15 15 
 ++ 
74 S 18 ++ 
73 11 16 ++ 
74 12 14 ++ 

76 13 11 ++ 

70 13 17 

.++ 
65 21 13 + ++ 
69 16 15 + ++ 
64 23 13 + ++ 
+ + r 
+ + 
+ + J 
I 
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